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SUMMARY 

 

The mid-infrared (MIR) spectral range (2-20 µm) is particularly useful for chemical 

sensing due to the excitation of fundamental rotational and vibrational modes.  In the 

‘fingerprint region’ (10-20 µm), most organic analytes have unique absorption patterns; 

absorption measurements in this region provide molecule-specific information with high 

sensitivity. 

 

Quantum cascade lasers (QCLs) present an ideal light source for (MIR) chemical sensing 

due to their narrow linewidth, high spectral density, compact size, and ease of fabrication 

of nearly any MIR wavelength.  As the emission wavelength is dependent on layer size 

within the heterostructure rather than material composition, various wavelengths in the 

MIR can be achieved through bandstructure engineering.   

 

High sensitivity measurements have been achieved in both gas and liquid phase by 

developing integrated sensing systems.  The laser emission frequency is selected to match 

a strong absorption feature for the analyte of interest where no other interfering bands are 

located.   A waveguide is then developed to fit the application and wavelength used.   

 

Gas sensing applications incorporate silica hollow waveguides (HWG) and an 

OmniGuide fiber which consists of a one dimensional photonic crystal wrapped into a 

cylindrical shape to create a photonic bandgap HWG.  Analyte gas is injected into the 

hollow core allowing the HWG or OmniGuide to serve simultaneously as a waveguide 
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and miniaturized gas cell.  Sensitivities of parts per billion (ppb) are achieved with a 

response time of 8 s and a sample volume of approximately 1 mL.   

 

Liquid sensing is achieved via evanescent wave measurements with novel planar 

waveguides of silver halide (AgX) and gallium arsenide (GaAs).  GaAs waveguides 

developed in this work are grown via molecular beam epitaxy on a GaAs wafer substrate 

and have a thickness on the order of the wavelength of light to achieve a single-mode 

waveguide, providing a significant improvement in evanescent field strength over 

conventional multimode fibers or attenuated total reflection elements used in infrared 

spectroscopy.  Liquid samples of µL volume at the waveguide surfaces are detected and 

waveguide mode calculations indicate high evanescent intensity at the waveguide 

surface, which leads to monolayer sensing applications.   

 

QCLs have begun to be utilized as a light source in the MIR regime over the last decade.  

The next step in this field is the establishment of useful chemical and biological sensing 

applications, along with compact and highly integrated device platforms which take full 

advantage of this technology. The demonstrations of both gas and liquid phase MIR 

chemical sensing in this work advance the field towards finding key applications in 

medical, biological, environmental, and atmospheric measurements.   
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CHAPTER 1 

INTRODUCTION 

 

Thesis Objective: Development of devices which demonstrate the full potential of 

quantum cascade lasers for mid-infrared chemical sensing on miniaturized platforms. 

 

Original contributions of this thesis: 

• Demonstration of gas sensing inside a photonic bandgap waveguide (chapter 4) 

• Demonstration of evanescent field measurements with quantum cascade lasers 

(chapter 6) 

• Development and characterization of thin film single mode waveguides, for IR 

evanescent field sensing, deposited by molecular beam epitaxy (chapters 5 and 6) 

 

Chapter 2 of this thesis will provide an overview on quantum cascade lasers (QCLs) 

including the history of their development, characterization of the lasers used in this 

thesis, and the electronics implemented for driving these lasers.   

 

Chapter 3 focuses on the theory of absorption measurements including both transmission 

measurements based on the Lambert-Beer law and attenuated total reflection (ATR) 

measurements based on a modified Lambert-Beer law.  Furthermore, opportunities for 

increasing the sensitivity of ATR measurements by alternative waveguide geometries are 

discussed.   
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Chapter 4 presents QCL gas sensing studies using transmission absorption spectroscopy 

inside miniaturized hollow waveguide gas cells.  State-of-the-art mid-infrared (MIR) gas 

sensing is surveyed along with potential applications.   

 

Chapter 5 discusses the design of planar waveguides with a view to improving 

sensitivity of evanescent field QCL liquid-phase sensing systems. 

 

Chapter 6 presents QCL liquid sensing studies using ATR spectroscopy with planar 

waveguides.  State-of-the-art MIR liquid sensing is surveyed, along with potential 

applications.   

 

Chapter 7 provides summarized conclusions on the studies in this thesis and an outlook 

on the future potential of QCLs in the field of chemical sensing.   
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1.1 Optical Sensors 

The field of chemical sensing can be divided into four main areas: thermal, mass, 

electrochemical, and optical sensors.  Optical chemical sensors are based on the 

interaction between light and a chemical species causing a change in a property 

(amplitude, polarization, phase, or wavelength) of light.  This work focuses strictly on 

optical chemical sensors, using changes in amplitude as the monitored property.  The 

sensors developed in this work will exclusively utilize radiation in the mid-infrared 

region (MIR, wavelengths of 2.5 – 20 µm) of the electromagnetic spectrum. 

 

1.1.1 History 

Chemical sensors are devices capable of continuously monitoring a chemical or physical 

property without the need for additional processing step such as sample preparation.  The 

field of chemical sensing emerged as a heavily-researched topic in the mid 1980’s and 

has since been steadily gaining importance1-4.   

 

In general, chemical sensors comprise of four main components: the input interface, the 

transducer, the signal processing unit, and the output interface.  The input interface of the 

sensor is exposed to the sample matrix of interest.  A transducer then produces a 

detectable signal based on a molecular recognition event, which is subsequently 

processed and converted into the final output signal from the system.   
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1.1.2 Infrared Optical Sensors 

Fundamental rotational and vibrational transitions in the mid-infrared (MIR) provide 

strong and molecular specific absorption bands, rendering infrared optical sensing both 

sensitive and selective.  However, in order to achieve maximum selectivity, the analyte of 

interest should provide a characteristic absorption band which does not overlap with the 

absorptions of other compounds present in the sample.   

 

For gas sensing applications in the MIR region, absorption from water vapor and CO2 in 

air cause significant interference.  Therefore, atmospheric windows free from 

absorbances of major atmospheric constituents provide ideal spectral sensing regimes.  

Figure 1-1 shows superimposed HITRAN5 spectra of water and CO2 with atmospheric 

windows indicated in yellow.   

 

Figure 1-1: Superposition of HITRAN spectra for water vapor and CO2. 
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In MIR liquid-phase sensing applications, the main interfering species is water with a 

broad absorption feature from 3000 to 4000 cm-1 (2.5 – 3.3 µm) due to stretching 

vibrations (υ1 and υ3) and a sharper band at approximately 1650 cm-1 (6 µm) due to 

bending vibrations (υ2).  As most applications, including biological and environmental 

sensing, involve aqueous matrices, the strong absorption of water is a limitation for 

conventional MIR sensing without chemical surface modification of the waveguide such 

as polymer enrichment layers.   

 

Note about wavelengths and wavenumbers: 

By convention, infrared wavelengths are typically reported in wavenumbers (cm-1) for 

absorption spectra, and in units of length (µm) for the laser emission.  As this work is a 

combination of these fields, wavelengths will be reported in both units for clarity.   
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1.2 Infrared Lasers 

The disadvantage of working in the MIR is the limited availability of light sources, 

waveguide materials, and detectors in contrast to the visible or near IR regime, where the 

telecommunications industry has driven extensive technical development.  The following 

section provides a summary of laser sources available at MIR wavelengths.   

 

1.2.1 History of Infrared Radiation 

Infrared radiation was discovered in 1800 by Fredrick William Herschel while 

investigating the heat produced by different colors of light resulting from sunlight passing 

through a glass prism.  He found that the temperatures increased going from violet to red 

and decided to measure the region beyond red light, which he found to have an even 

higher temperature.  Herschel had discovered what would eventually be known as 

infrared radiation, and with this discovery had shown that light existed beyond radiation 

visible to human optical perception.   

 

The fundamentals of infrared spectroscopy were developed by Harrison Randall at the 

University of Michigan where, in 1915, a high resolution prism based spectrometer 

capable of measuring infrared spectra to a wavelength of 14 µm was constructed.  The 

fundamental principle of infrared spectroscopy is that light in this spectral region excites 

rotations and vibrations in molecules.  If these rotations and vibrations cause a net change 

in the dipole moment of the molecule, the frequency where resonant energy transfer 

occurs is absorbed.  Due to the fundamental nature of the vibrational and rotational 

modes, molecules have strong and unique absorption patterns in the infrared, particularly 
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in the fingerprint region (8 to 20 µm) rendering IR sensing particularly sensitive and 

selective6.   

 

Mid-infrared spectroscopy is typically performed with a broadband source such as a 

Nernst glower, globar, or incandescent wire utilizing an interferometer or grating to 

resolve the spectrum by wavelength.  This provides the advantage of measuring the entire 

spectrum at once and gives a high selectivity for a specific compound.  IR spectroscopic 

measurements can also be performed with a laser light source emitting a single 

wavelength or narrow wavelength band.  Laser light sources provide a more intense 

output at their specific emission wavelength and thus potentially provide a higher 

sensitivity.   

 

1.2.2 Principle of Lasers 

The laser was invented in 1958 by Charles Townes and Arthur Schawlow7.  “Laser” is an 

acronym for Light Amplification by Stimulated Emission of Radiation.  Lasers produce 

an intense, coherent beam of light of a particular wavelength by exciting atoms or 

molecules in the cavity of the laser resulting in more atoms in the excited state than in the 

ground state creating population inversion.  As a photon of energy corresponding to the 

bandgap (difference between the excited and ground states) strikes an excited atom, that 

atom releases a second photon matching the excitation photon in energy, phase, and 

direction as it returns to the ground state in a process called ‘stimulated emission’.  

Mirrors at each end of the cavity cause photons to bounce back and forth, thereby 
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amplifying the generated laser light over time producing a large amount of coherent 

radiation. 

 

The operating principle of a conventional laser is depicted in Figure 1-2 below.   

 

Figure 1-2: Laser operation principle. 

 

In Figure 1-2, a scheme of the high and low energy level at equilibrium conditions is 

shown on the left.  Initially, electrons are primarily populating the lower energy level.  

The middle scheme shows population inversion achieved by (usually optic or electronic) 

pumping of the laser, where the majority of the carriers are in an excited state enabling 

electrons to relax into the ground state, thus emitting their excess energy as photons.  

Lasing is depicted in the scheme at the right, where a carrier relaxes from the higher to 

the lower energy level releasing a photon and stimulating other carriers, thereby 

amplifying the radiation output.   

 

1.2.3 Infrared Laser Coverage 

The most popular IR laser is the CO2 laser, which was first demonstrated in 1964 by Patel 

at Bell Labs8.  Gas lasers operate by exciting a gas in a tube to a high-energy state using 

dc discharge power and N2 gas as a pump9 creating population inversion.  As the gas 



9 

returns to its ground state, a photon is released, which is reflected inside the tube by 

mirrors at each end of the cavity.  Photons inside the gas tube stimulate emission from 

other molecules and light builds up until it is released as coherent radiation.  Emission 

wavelengths of gas lasers are based on the transition energies available in the gas of 

choice.   

 

CO2 emission is tunable over the range of 9.2 – 10.8 µm based on the emission lines of 

CO2 and is therefore not continuous unless operated at high gas pressures only available 

in pulsed mode.10  CO2 lasers are capable of emitting  continuous powers in the tens of 

kilowatts range. 

 

Another commonly used MIR gas laser is the CO laser, which emits from 5 – 6 µm 

utilizing fundamental CO emissions, and can be extended to discrete lines at 2.7 µm 

using overtone vibrations11.  Typical output powers in the 5 – 6 µm range are in the 

hundreds of watts regime.   

 

Difference frequency generation (DFG)12 utilizes two laser light sources and a nonlinear 

medium to produce MIR radiation.  The two sources combine in the nonlinear medium to 

produce a wavelength that is the difference of the pump and signal wavelength used for 

generation.  The tunability of the generated MIR radiation is limited by the tunability of 

the pump and the signal source.  The use of different pump and signal wavelengths and 

the choice of nonlinear medium with transparency at both input and output wavelengths 

enables DFG to be used across nearly the entire MIR band from 2 – 17 µm.  The power 
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output of these systems depends on both the power of the pump laser and the conversion 

efficiency of the nonlinear medium.  However, this technique requires extensive optical 

setups, limiting its utility in portable or miniaturized systems.  DFG typically provides 

linewidths of approximately 1 MHz13.   

 

Optical parametric oscillators (OPO)14 operate as a reverse of the DFG process.  Here, a 

pump beam enters a nonlinear optic crystal and decays into two separate wavelengths 

whose sum equals that of the pump.  The key to an OPO is achieving a phase matching 

condition through a periodic structure in the nonlinear optic material.  By changing the 

period by temperature or crystal angle, the ratio of the output wavelengths can be altered 

providing wavelength tunability.  As in DFG, the choice of the input wavelength and 

crystal transparency allows wavelengths over the entire MIR from 2 – 20 µm to be 

generated.  Power outputs of up to 10 W (average power) are possible with typical values 

of 1 kW peak or 1 W average power depending on the intensity of the pump beam and 

the conversion efficiency of the nonlinear optic crystal.  Typical OPO outputs have a 

linewidth from 1 cm-1 to 100 cm-1, primarily depending on the phase matching 

acceptance of the nonlinear optic crystal.  The need for only a single input beam allows 

this technique to be utilized with significantly smaller systems than DFG.  However, the 

overall system size is still considerably larger than that of solid state lasers.   

 

Lead salt lasers generate MIR emission via a p-n junction formed by materials such as 

PbTe, PbSe, PbS, SnSe, SnTe, and CdS13.  Electrons are injected into the p-n junction 

populating the conduction band and creating stimulated emission across the bandgap.  
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The emission energy is dependent on the bandgap energy of the material, which requires 

a different material system to create new emission wavelengths.  Using compositional 

variations of the material systems listed above, emissions of 3 – 30 µm can be achieved 

in a compact laser format (laser diode).  Typical power outputs reaching several tens of 

mW are produced.  Lead salt lasers are capable of tuning over a few wavenumbers by 

temperature and have linewidths from 1 to 1000 MHz13.     

 

In general, laser diodes are classified into three main types based on the band alignment 

at the interface of the barrier and well.15  Type I lasers have nested bands in which the 

electrons and holes are confined in the same material.  In type II lasers, the bands are 

staggered with carriers separated into two adjacent layers.  Type III lasers use a broken 

gap with the conduction band of the well and the valence band of the barrier aligned such 

that – similar to type I - the carriers are separated into adjacent layers.  The latter lasers 

are typically fabricated from III-V materials and cover the spectral range of 2 – 5 µm 

producing peak powers up to the single Watt range.  MIR laser diodes typically produce 

linewidths of 50 MHz13. 

 

Lasers emitting in the MIR widely vary in their power output, tunability, and spectral 

coverage.  Figure 1-3 summarizes the spectral coverage of each MIR laser source 

discussed above.   
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Figure1-3: Spectral coverage of mid-infrared lasers.16 

 

As shown in Figure 1-3, quantum cascade lasers are the only MIR laser source able to 

cover the entire spectrum with a single material system.   

 

1.2.4 Quantum Cascade Lasers 

The structure of a quantum cascade laser (QCL) was originally proposed in 1971 by 

Kazarinov and Suris17.  23 years later, the structure was experimentally realized by Faist 

et. al.18 at the Bell Laboratories in 1994.  The operation principles, development, and 

current commercial availability of QCLs will be discussed in detail in Chapter 2 of this 

thesis.   
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CHAPTER 2 

QUANTUM CASCADE LASERS 

 

Currently, the most promising laser light sources in the mid-infrared regime are quantum 

cascade lasers (QCLs), as they provide a compact, high power radiation source, which is 

capable of operating across the MIR spectral range.   

 

2.1 Operation Principle 

In contrast to conventional laser technology, these QCLs make use of intersubband 

transitions rather than electron-hole recombination for generating photon emission. 

 

2.1.1 Quantum Heterostructure 

In conventional semiconductor lasers, emission is generated by electron-hole 

recombination between the valence and conduction band, making the emission 

wavelength dependent on the bandgap of the material.  In a QCL, a quantum 

heterostructure is designed to create quantized states within the conduction band.  

Electronic transition between these states causes photon emission with a wavelength 

determined by the energies of the states rather than the bandgap energy of the material. 

Bandstructure engineering used in the design of the heterostructure dictates the thickness 

of the required material layers to produce a given emission wavelength.  The layer 

thicknesses can be controlled with atomic precision by epitaxial growth using molecular 

beam epitaxy (MBE) techniques.  Figure 2-1 shows a scheme of a quantum 

heterostructure under bias with its electronic transitions.   
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Figure 2-1: Operation principle of QCLs.  

 

Electrons enter the heterostructure through an injector region at the left of the 

heterostructure in Figure 2-1 and relax into the lower energy state (shown by red arrow) 

releasing a photon.  Population inversion is achieved, if the electron is rapidly removed 

from the well by a longitudinal-optic (LO) phonon transition (indicated by the green 

arrow), and enters into a second injector region.  This process is repeated for each period 

of the QCL providing a cascade effect and allowing a single electron to produce multiple 

photons for increasing the output power of the laser.  A single laser typically has on the 

order of 40 periods.   

 

 



17 

2.1.2 QCL Composition 

The most common material system for QCLs is InGaAs/AlInAs on an InP substrate; all 

lasers used in this thesis are of this composition.  QCLs have also been demonstrated 

using the GaAs/AlGaAs1 materials system, however, the focus of this discussion will be 

on InGaAs/AlInAs materials.  Figure 2-2 schematically shows the composition of the 

lasers used in this thesis.   

 

A typical laser structure consists of an InP wafer substrate with a bottom waveguide layer 

of InGaAs grown on top of the wafer.  The waveguide is followed by the gain medium 

consisting of alternating layers of InGaAs and AlInAs, whose thickness determines the 

properties of the quantum heterostructure.  A top waveguide layer covers the gain 

medium followed by a silicon nitride insulation layer and a grating (in the case of DFB 

lasers, see discussion below) and a lateral contact.  The top layer is a contact material, 

usually titanium and gold.     

 

 

Figure 2-2: QCL composition. 
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In the structure shown in Figure 2-2, electrons would be injected through the wire bonds 

shown on the lateral contact layer and would then tunnel through the gain medium.  

Photon generation would occur in the gain medium layer and emission would be out of 

the plane of the schematic, toward the reader.   

 

2.1.3 Fabry-Perot and Distributed Feedback Lasers 

QCLs are fabricated as two main types: (i) Fabry-Perot, and (ii) distributed feedback 

(DFB) devices, with the difference being a grating layer incorporated either buried2 in the 

top waveguide layer or at the layer surface3 for DFB lasers.  This grating forces DFB 

lasers to emit a single light mode providing a much more narrow linewidth than Fabry-

Perot lasers.  Hence, the selection of overlapping analyte bands associated with gaseous 

or liquid phase analytes is facilitated for the development of absorption based optical IR 

sensor with inherent molecular selectivity.   
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2.2 History 

The concept of the QCL was described in 1971 by Kazarinov and Suris4, and was first 

experimentally realized by Faist et. al.5 at the Bell Laboratories more then twenty years 

later.  As with the development of any laser, the first QCL demonstration occurred in 

pulsed mode and at low operating temperatures (10 K).  Subsequent research then aimed 

at achieving continuous wave (cw) operation and raising the operating temperature.  

Since then, QCL development has also included increasing the power output and the 

wavelength coverage range.   

 

2.2.1 Operation Temperature 

Due to the inverse dependence of the quantum efficiency on the device operating 

temperature, there is a compromise between operating temperature and laser output 

power.  The achievement of high power operation at two different temperatures becomes 

key to convenient laser use: operation at a temperature of 77 K allows use at liquid 

nitrogen conditions, while room temperature (or near room temperature) operation allows 

using thermoelectric temperature stabilization.  Liquid nitrogen operation avoids the use 

of costly and inconvenient liquid helium (achieving 10 K operating temperatures), while 

thermoelectric cooling avoids the need for consumables completely.  The first QCL 

demonstrated a power output of nearly 10 mW at a temperature of 10 K5.  Room 

temperature operation was then achieved through the incorporation of a funnel-shaped 

injector region with output powers of 15 mW at 274 K and 1.5 mW at 300 K6.  These 

lasers were both operated in pulsed mode allowing the laser to dissipate heat between the 

pulses.     
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2.2.2 Continuous Wave Operation 

Continuous wave (cw) operation is desirable for sensing applications as it eliminates 

pulse-to-pulse amplitude variations, achieves higher average powers, and allows for the 

implementation of more sophisticated noise reduction techniques.  Operation in cw mode 

was first demonstrated at 80 K in 19957 with a laser producing an output power of 2 mW 

in continuous mode.  Room temperature cw QCL operation was achieved in 20028 by 

introducing a buried herterosturcture providing improved heat dissipation.  This laser was 

able to produce powers of up to 17 mW in continuous wave mode at a temperature of 

292 K. 

 

In order to achieve cw operation with both high (room) temperature and high power 

output, efficient heat dissipation must be achieved.  The nature of the structure in the gain 

medium of a QCL presents a challenge in this area.  The interfaces of many material 

layers and the ternary alloys used to create the quantum heterostructure cause the gain 

medium to typically have a much higher temperature than the substrate9.  As the thermal 

resistance of air is considerably high, QCL structures are frequently buried8 or mounted 

top side down (or epilayer down) on a heat sink in order to allow more efficient 

dissipation of heat from the gain medium to the substrate, which enabled cw operation at 

room temperature resulting from more efficient heat dissipation. 
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2.2.3 Distributed Feedback QCLs 

DFB QCLs were first demonstrated in 19973 by incorporating a grating on the top of the 

laser ridge using wet chemical etching techniques.  This structure gave a linewidth of less 

than 0.3 cm-1 for pulses of 10 ns operated at 300 K, while producing an output power of 

60 mW.  This laser showed a tuning range of 60 nm by changing the operating 

temperature between 100 and 320 K.  The first continuous wave operation of a DFB 

QCL10 was demonstrated with a laser providing an output power of 10 mW at 120 K and 

a tuning range of 140 nm from 20 to 120 K.   

 

The initial demonstrations of DFB structures discussed above utilized gratings fabricated 

on the top of the waveguide layer, which is disadvantageous as it places the grating in the 

evanescent tail of the waveguide mode, although closer contact would be desirable11.  

Therefore, gratings buried in the waveguide core were subsequently demonstrated.12   

 

Currently, most QCLs are fabricated as DFB type, as the narrow linewidth is ideal, in 

particular for gas sensing applications.   

 

2.2.4 High Power Output  

Due to the requirement of dissipating heat from the laser structure, there is a compromise 

between duty cycle, operating temperature, and power output to be achieved.  The 

fabrication of high power QCLs has primarily been investigated by the Razeghi group at 

Northwestern University.  Recent notable achievements of this group in high power 

emission from QCLs are lasers emitting an average power of 600 mW from pulsed lasers 
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at 293 K with 50 % duty cycle13, and an average power output of 424 mW in continuous 

wave mode at 293 K14.  

 

2.2.5 Wavelength Range 

QCLs composed of InGaAs/AlInAs lattice matched to an InP substrate cover the spectral 

range from 4 to 25 µm15.  Wavelengths from 8 to 15 µm require the addition of an 

insulation layer between the top waveguide cladding layer and the metal contact to 

reduce losses into the metal layer16.  Wavelengths above 15 µm usually apply top 

waveguides based on surface plasmons by confining the light to the interface between a 

metal and the semiconductor17, 18.  This avoids the use of very thick waveguide layers 

needed for conventional dielectric waveguides used at shorter wavelengths, which allows 

lower laser thresholds to be reached at acceptable operating conditions.     

 

The use of a double surface plasmon waveguide19 in which both the top and bottom 

cladding layers confine light at a metal-semiconductor interface has allowed the emission 

range of QCLs to be extended into the THz regime.  Lasers have been demonstrated at 69 

µm (4.4 THz)20 and 66 µm (4.5 THz)21 with output powers of a few mW at temperatures 

of 44 K and 12 K, respectively.  Lasers using a bound-to-continuum structure (discussed 

below) achieved emission at 87 µm with powers of up to 10 mW at 77 K22.  Continuous 

wave operation has been achieved in a laser emitting at 94 µm at 78 K producing 400 µW 

of output power23.     
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In QCL technology, wavelengths below 4 µm are considered relatively short.  

Wavelengths between 3 and 4 µm are of great interest to sensing applications due to the 

presence of an atmospheric window between 3 and 5 µm, as discussed in Chapter 1.  In 

this range, QCLs must be developed using strain compensated layers.  This provides a 

sufficiently large conduction band discontinuity to achieve higher energy photon 

emission.  Lasers of InGaAs/InAlAs composition have been demonstrated at 3.4 µm with 

peak powers of 120 mW at 15 K, and approximately 5 mW of output power at 280 K24.  

QCLs with a composition of InGaAs/AlAs have demonstrated operation at 3.8 µm with 

an operating temperature of 296 K, emitting peak powers of up to 240 mW25. 

 

2.2.6 Novel QCL Structures 

Most QCLs emit from the end facet, as described in section 2.1.2.  However, partial 

emission has also been demonstrated, which occurs vertically from the top surface of the 

laser26.  Further improvements by developing a window region at the laser surface 

enabled emission from the top surface to exceed that from the laser end facet, providing a 

first step toward the vertical integration of IR laser light sources27. 

 

Multicolor QCLs have been fabricated using two separate gain medium areas emitting at 

8.0 and 5.2 µm28, as well as using a single gain medium with two types of active regions 

producing slightly different emission wavelengths at 9.5 and 8.0 µm29.  A QCL has also 

been demonstrated, which emits at a wavelength of 6.3 or 6.5 µm depending on the 

direction of the bias voltage30.  
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Bound-to-continuum QCLs31 allow a broad gain spectrum to be achieved with a single 

laser.  These lasers utilize a single initial state with transitions to several final states, 

which allows for a larger range of emission energies.   

 

QCLs coupled to external cavities provide a significantly increased tuning range for the 

laser rendering them of substantial interest for sensing applications.  A recent 

demonstration by the Faist group utilized a bound-to-continuum laser grating-coupled to 

an external cavity resulting in a tuning range of over 150 cm-1 (1.45 µm)32.   
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2.3 Availability of QCLs 

The advantage of QCLs over other MIR laser sources is their potential for complete 

spectral coverage within a single materials system.  In theory, creating a new emission 

wavelength is as simple as changing the thickness of the layers in the gain medium as 

determined by bandstructure engineering.  However, in practice it is difficult to achieve a 

target wavelength with precision and repeatability due to the limited control of the layer 

growth.  Creation of new emission wavelengths also requires re-optimization of the 

waveguides and gratings (in the case of DFB lasers) the practical implementation is again 

more complex than theory predicts.   

 

2.3.1 Commercial Availability  

Alpes Laser is the only company currently producing QCLs for commercial sale.  Lasers 

are available with both Fabry-Perot (multimode) and DFB (single mode) output.  Most 

lasers produced are operated in pulsed mode at room temperature.  Continuous wave 

lasers are available for operation at 80 K.   

 

Currently, in-stock room temperature pulsed DFB lasers partially cover the emission 

range of 865 cm-1 to 2351 cm-1.  As of October 2005, the list of in-stock lasers comprises 

over 150 lasers, each with a tuning range of a few wavenumbers throughout this range.   

 

Available cryogenic continuous wave DFB lasers partially cover the spectral range from 

1033 cm-1 to 2375 cm-1.  Currently, approximately 20 lasers are available covering a few 

wavenumbers each.   
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Upon request, custom-built pulsed lasers in the range of 4 to 16 µm (625 cm-1 to 2500 

cm-1) or continuous wave lasers in the range of 5 to 5 µm (1100 cm -1 to 2000 cm-1) are 

available.  However, custom-built lasers are currently produced at prohibitively higher 

cost and require a substantial lead time (> 6 months) as they require the entire growth 

process to be designed and optimized for the requested laser heterostructure and the DFB 

grating.   
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2.4 QCL Characterization 

The following section describes the characteristics of the QCLs used in this thesis, which 

were DFB lasers purchased from Alpes Laser and operated in pulsed mode at or near 

room temperature and stabilized with Peltier cooling.   

 

2.4.1 Response curve 

A typical laser power output curve as a function of driving pulse amplitude is shown in 

Figure 2-3.   

 

Figure 2-3: Response curve of laser s1537 emitting at 974 cm-1 (10.3 µm). 

 

Figure 2-3 shows the lasing threshold to be at 15 V.  From this threshold, the laser output 

power linearly increases through 21 V of applied amplitude, after which the output levels 

off.  If increased past this plateau, the laser would be damaged due to excess heating of 

the heterostructure.   
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2.4.2 Temperature Tuning 

Wavelength tuning in DFB lasers as a function of temperature is achieved due to the 

grating incorporated in the laser structure, which selects the emission wavelength.  As the 

temperature of the structure increases, the grating expands and the spacing of the grating 

features increases, thereby shifting the emission wavelength selected by the grating 

towards longer wavelengths.    

 

The output wavelength as a function of laser operating temperature for laser (serial 

number s1869) with peak emission at 1848 cm-1 (5.4 µm) is shown in Figure 2-4.   

 

 

Figure 2-4: Temperature tuning for laser s1869. 

 

As shown in Figure 2-4, laser s1869 is tunable over 10 cm-1 (from 1848 cm-1 to 1838 cm-

1) by changing the temperature of the laser heat sink from 10 °C to 65 °C.  Temperature 
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control is achieved by Peltier cooling elements as discussed in section 2.5.1 below.  

Figure 2-4 also reveals that the laser emission at each temperature includes a small side 

mode next to the main emission frequency, which is common to DFB lasers.  However, 

the output is nearly single mode. 

 

Laser s1537 was also characterized for temperature tuning of the output wavelength, 

showing very different results to the behavior of laser s1869.  Figure 2-5 shows the 

tuning characteristics for laser s1537.   

 

Figure 2-5: Temperature tuning for laser s1537. 

 

As shown in Figure 2-5, output from this laser has a significant multimode component.  

At each operating temperature, one mode is emitted at significantly higher intensity than 

others.  However, the mode of highest emission changes with temperature.  Three 

different strong emission modes are indicated by stars in Figure 2-5.  At temperatures of 
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0 and 5 °C, the strongest emission is observed at approximately 979 cm-1.  The strongest 

emission is achieved at approximately 982 cm-1 for 15 and 20 °C, and at 984 cm-1 for 25 

and 30 °C.  Within each of these mode hops, tuning appears to occur normally with 

higher temperatures shifting the output emission towards longer wavelengths.   

 

2.4.3 Pulse Shape Behavior  

The shape of the pulse driving the QCL is shown in Figure 2-6.   

 

 

Figure 2-6: Driving pulse shape. 

 

The pulses shown in Figure 2-6 are the electrical pulses used to drive the QCL as directly 

measured from the pulse generator.  It is evident from these pulses that the amplitude is 

slightly higher at the beginning of the pulse and decreases within the longer pulses after 
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the initial spike.  Therefore, we expect to see the same shape in the optical pulse, if a 

QCL is driven with these electrical pulses.   

 

However, due to the 20 MHz bandwidth of the detector (discussed below in section 

2.5.2), this shape is not resolved on pulses with a short duration (100 ns or less).  Instead, 

the pulse takes the shape of a Gaussian, as shown in Figure 2-7.   

 

Figure 2-7: QCL output with increasing pulse width. 

 

Figure 2-7 shows that for longer pulses (> 100 ns), the pulse begins to reflect the shape of 

the larger amplitude at the pulse onset, which decreases in amplitude after the initial 

spike.  Both lasers s1537 and s1869 were characterized and revealed the same pulse 

shape characteristics indicating that this shape results from the driving electronics.   
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2.4.4 Beam Output Characteristics 

Lasers emit an elliptical beam that is divergent with 40° in the horizontal direction and 

60° in the vertical direction.   

 

Beam divergence was confirmed by measuring the laser signal using a room-temperature 

mercury-cadmium-telluride (MCT) detector without window in front of the detector 

element.  Hence, the detector element could be placed directly in the radiation cone 

emitted from the QCL to determine the beam shape.  The disadvantage of the used room-

temperature MCT detector is the decreased sensitivity in contrast to cooled devices (with 

IR transparent window) due to thermal noise.  The room temperature MCT detector has a 

maximum detectivity 3 orders of magnitude smaller than that of liquid nitrogen-cooled 

MCT devices used during the sensing applications, which are discussed in section 2.5.2. 

 

The radiation output cone was measured to be divergent at 40 ° in the horizontal direction 

and 60 ° in the vertical plane with a Gaussian intensity profile in both directions.     
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2.5 System Electronics 

This section describes the electronics used for all measurements in this thesis, including 

laser driving and signal recovery instrumentation.   

 

2.5.1 Alpes Lasers Components 

Laser driving electronics purchased from Alpes Laser are shown in a block diagram in 

Figure 2-8.   

 

 

Figure 2-8: Block diagram of Alpes Laser QCL driving electronics. 

 

The system consists of a pulse generator (TPG128, Alpes Laser, Neuchâtel, Switzerland) 

providing the pulse shape, as well as a trigger signal to synchronize the detection 

electronics, and a +/- 12 V signal to power the laser diode driver.  A 2-channel external 
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adjustable power supply (Shenzhen Mastech, HY3002D-2, Shanghai, China) with an 

output of 0 – 30 V per channel controls the pulse amplitude.  A laser diode driver 

(LDD100, Aples Laser, Neuchâtel, Switzerland) is used to combine the pulse shape and 

amplitude and sends the full pulse to the laser housing via a low impedance line.  The 

temperature controller (TC51, Alpes Laser, Neuchâtel, Switzerland) reads and adjusts the 

laser heat sink temperature via Peltier coolers inside the laser housing.   

 

The laser housing transmits the electrical driving pulse to the laser and controls its 

operating temperature, as shown in Figure 2-9.   

 

Figure 2-9: Laser housing electronics. 

 

The laser is mounted in the housing as shown in Figure 2-9.  Beneath the laser mount is a 

heat sink, which is connected to Peltier cooling elements and the external temperature 

controller.  The electrical pulse signal is sent to the housing electronics by the laser diode 

driver and reaches the laser via wire bonds (not shown in schematic) connected to the 

electrical top contact of the laser diode.  Light emission occurs from the cleaved and 
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polished laser end facet and exits the housing via a MIR transparent window (AR-coated  

ZnSe) at the front.   

 

The pulse generator used to drive the lasers in this setup produces amplitude fluctuations 

in the pulse signal.  As sensing systems in this work detect the presence of a chemical 

based on a decrease in laser pulse amplitude caused by absorption, pulse-to-pulse 

amplitude fluctuations are detrimental to the system sensitivity.  A variety of data 

acquisition systems discussed below were used to overcome this problem decreasing the 

system noise and improving the sensitivity.   

 

Temperature control is achieved by Peltier cooling elements in the laser housing 

connected to an external temperature control unit.  The manufacturer-specified range for 

the system is -40 °C to +80 °C.  Additional water cooling is needed to achieve the lower 

end of the temperature range (< 0 °C).   

 

2.5.2 Detectors 

Detectors used for all studies in this work were liquid nitrogen-cooled mercury-cadmium-

telluride (MCT) detectors purchased from Kolmar Technologies (Newburyport, MA).  

Two identical detectors (model number KMPV11-1-LJ2) were purchased allowing 2-

channel setups with similar detectors.  These detectors include an integrated signal 

preamplifier.  Table 2-1 below shows the specifications for these detectors. 
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Table 2-1: Detector Specifications 

Detector Parameter Value 
Detector Element Area    1            mm2 
Responsivity    4.75       Amps/Watt 
Peak Wavelength    9.7          µm 
Cutoff Wavelength   12.0         µm 
Signal Rise Time   19            ns 
Bandwidth   20            MHz 
Detectivity (at 20 MHz)    2.13 e10  Jones 

 

The bandwidth of this detector and preamplifier is higher than conventional liquid 

nitrogen cooled MCT detectors which are typically available in the range of 1 Hz to 1 

MHz33.  However, the true peak shape of the laser output is still not fully resolved, as 

discussed in section 2.4.4. 

 

2.5.3 Data Acquisition 

Early studies in this work utilize a digital oscilloscope (TDS3032, Tektronix, Beverton, 

OR) for data acquisition.  This oscilloscope has a bandwidth of 300 MHz and was used 

for detector signal readout of individual laser pulses by triggering from the pulse 

generator.  Pulse-to-pulse fluctuations were improved by averaging 512 curves, which is 

the maximum averaging capability available on the oscilloscope. 

 

Further reduction of noise due to pulse-to-pulse fluctuations was achieved using the 

Saturn data acquisition system purchased from AMO (Aachen, Germany).  This system 

provides externally triggered simultaneous recording of two channels at 100 MHz on 

each channel.  This system is also capable of providing averaging of 106 curves in 

approximately 8 s, and was used in some of the later studies of this thesis.   
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CHAPTER 3 

ABSORPTION-BASED OPTICAL SENSORS 

 

The absorption-based optical sensors described in this work can be categorized into two 

types: (i) transmission absorption measurements, and (ii) evanescent field absorption 

measurements.  The principles governing each type of measurement will be described in 

this chapter, along with their implications to chemical sensing.   

 

3.1 Fundamentals of Transmission Absorption Spectroscopy  

The simplest absorption measurements are performed in a transmission configuration 

with light passing directly through the sample and being absorbed at frequencies where 

resonant energy transfer occurs.  The measurement setup for transmission absorption 

spectroscopy is shown in Figure 3-1. 

 

 

Figure 3-1: Transmission Absorption Measurement Setup. 

 



41 

In Figure 3-1, light from a source with an intensity I0 passes through as sample of 

thickness l, concentration c and molar absorptivity ε, and is partially absorbed by the 

sample giving an exiting intensity of I measured by a detector.   

 

3.1.1 Lambert-Beer Law 

For the system shown in Figure 3-1, the absorbance (A) of the measurement is governed 

by the Lambert-Beer law: 

 

A = ε c l   (Eqn 3.1) 

 

where ε is the molar absorptivity, c is the concentration, and l is the optical path length of 

the radiation through the sample.   

 

Absorbance can also be defined by the change in intensity as light passes through the 

sample: 

 

A = -log (I/I0) = ε c l   (Eqn 3.2) 

 

where I0 is the intensity of light entering the sample and I is the intensity exiting.  

Equation 3.2 allows concentration data to be directly calculated from a change in 

absorbance signal. 
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The Lamber-Beer law shows a linear dependence of the absorbance (A) on the 

concentration (c).  However, this is only valid at low concentrations (approximately < 

0.01M).  At high concentrations, the relationship becomes non-linear, primarily due to 

deviations in ε arising from electrostatic interactions between molecules in close 

proximity.   

 

3.1.2 Lambert-Beer Law in Chemical Sensing 

The goal of most chemical sensors is to achieve the highest possible sensitivity, i.e. to 

detect the lowest possible concentration for the species of interest.  As absorption 

measurements are dependent on a limited number of variables related by the Lambert-

Beer law, a discrete list of parameters determines the optimization space for sensitivity 

improvements.   

 

The molar absorptivity (ε) describes the absorption strength for a particular molecular 

species at a given wavelength and is an inherent material property.  ε primarily becomes a 

factor in chemical sensing for the initial selection of a wavelength regime for optical 

sensing (e.g. UV, Vis, NIR, MIR, etc.), and for the selection of a particular operating 

wavelength within the selected band.  The fundamental rotational and vibrational 

transitions excited by radiation in the mid infrared (2.5 - 20 µm) regime are much 

stronger than e.g. the overtone vibrations excited in the near infrared (NIR, 0.7 – 2.5 µm).  

Hence, it is advantageous operating optical sensors in the MIR range despite the more 

limited availability of light sources, detectors, and waveguide materials compared with 

the NIR range.  In laser-based sensing systems, operating at a single wavelength ensuring 
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overlap between the laser emission frequency and a strong absorption band of the analyte 

will lead to high sensitivity.  In addition, as rotational and vibrational modes reflect the 

molecular composition of the illuminated species, inherent molecular selectivity is 

provided in this frequency regime.  

 

As an increase in optical path length provides a higher degree of interaction between 

photons and sample, a longer path length will lead to a higher sensitivity in an absorption 

measurement.  This circumstance is frequently utilized in gas sensing using multi-pass 

transmission gas cells providing an extended optical path length by folding the beam in a 

compact optical configuration.  This leads to significantly decreased limits of detection 

(low ppb to ppt (v/v) range).   

 

The last parameter to be optimized for the detection of low concentrations in chemical 

sensing is the absorption measurement.  As a low concentration leads to a small change in 

intensity due to absorption, the ability of a sensing system to discriminate between very 

small signal changes will determine the ultimate sensitivity.  This is typically 

accomplished by choice of an appropriate optical detector with a high detectivity (D*) 

corresponding to a high output signal for a small number of photons incident at the 

detector element, which can be achieve through amplification of the detector signal.   

 



44 

3.2 Fundamentals of Evanescent Field Absorption Spectroscopy 

Evanescent field spectroscopy allows light confined inside a waveguide to probe the 

waveguide surface via a leaky mode without direct transmission of light through the 

sample rendering it particularly useful for opaque or highly scattering samples.   

 

3.2.1 Total Internal Reflection 

An evanescently guided field is generated at the interface between an optically denser 

waveguide (refractive index n1) and an optically rarer adjacent medium (refractive index 

n2; with n1 > n2) if the condition of total internal reflection (TIR) is fulfilled1. In TIR, 

light is coupled into a waveguide of higher refractive index than the surrounding medium 

and is internally guided by total internal reflection as shown in Figure 3-2 from both a ray 

and mode optics perspective.   

 

 

Figure 3-2: Total Internal Reflection (TIR) shown from a ray optics perspective (top) and 

a modal perspective (bottom). 
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The guided mode extends beyond the waveguide surface into the surrounding medium 

generating an evanescent field propagating along this interface.  Absorbing species 

present within the penetration depth of the evanescent field interact with evanescently 

guided radiation similar to conventional transmission absorption spectroscopy resulting 

in attenuation total reflection (ATR)2 for the frequencies where resonant energy transfer 

to vibrational or rotational transitions may occur.   

 

The penetration depth of the evanescent field can be calculated by:  

 

! 
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  (Eqn 3.3) 

 

where dp is the penetration depth, λ is the wavelength of the in-coupled radiation, n1 is the 

refractive index of the waveguide, n2 is the refractive index of the surrounding medium, 

and θ is the in-coupling angle.   

 

3.2.2 Total Internal Reflection in Chemical Sensing 

Due to the dependence of the penetration depth on the wavelength as evident from Eqn 

3.3, evanescent field sensing based on broadband light sources is characterized by a 

distribution of penetration depths, while lasers emitting a single frequency or a narrow 

emission band provide a well characterized penetration depth (e.g. dp is approx. 2 µm for 

a silver halide waveguide with n1 = 2.1, θ = 45 º, and λ = 10 µm).  Figure 3-3 shows the 

change in penetration depth by wavelength across the MIR spectral range.   
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Figure 3-3: Penetration depth as a function of wavelength per in-coupling angle for a 

waveguide with refractive index of 2.1 and a refractive index of 1 for the surrounding 

medium. 

 

The penetration depth for a given optical system is also dependent on the in-coupling 

angle of the radiation as shown in Figure 3-3, which provides curves for the penetration 

depth as a function of wavelength at angles of 30 ° (near the critical angle for the 

considered refractive index contrast) to 90 °.  As a typical multimode fiber can accept a 

large range of in-coupling angles, the distribution of the evanescent field penetration 

depth changes significantly with the coupling conditions.   

 

The refractive index contrast between the waveguide and the surrounding matrix dictates 

the confinement of the radiation and, therefore, affects the penetration depth of the 

evanescent field as shown in Figure 3-4. 
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Figure 3-4: Penetration depth as a function of wavelength by refractive index 2.1 (AgX) 

and 3.3 (GaAs). 

 

As shown in both Figure 3-4 and Eqn 3.3, a larger contrast in refractive index will give a 

shallower penetration of the evanescent field into the surrounding medium.  As refractive 

indices are typically approximated as constant during an ATR measurement, quantitative 

results are not affected by a change of refractive index.  In cases where the refractive 

index of the surrounding material changes significantly (such as for large concentration 

changes or sensors with a polymer membrane which swells during the measurement), a 

background absorption is typically measured.  This background gives a ratio 

measurement and allows any changes in light intensity due to a refractive index change to 

be neglected.  However, this parameter can be useful in waveguide design considerations 

as discussed in Chapter 5.   
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3.2.3 IR Evanescent Field Sensing Platforms 

Typical platforms for evanescent field or ATR sensing in the MIR are ATR prisms and 

solid core cylindrical fibers.  ATR prisms are typically rods or trapezoidal shaped, and 

fabricated from materials such as zinc selenide (ZnSe) or germanium (Ge) with a 

refractive index (at 10 µm) of 2.4 and 4, respectively.  Other materials available for MIR 

transparent ATR rod or prism fabrication include thallium bromide-iodide (KRS-5), 

thallium bromide-chloride (KRS-6), and silicon (Si). 

 

MIR transparent fibers are typically made from materials such as polycrystalline silver 

halides, crystalline sapphires, or chalcogenide glasses, and will be discussed in more 

detail in Chapter 6. 

 

3.2.4 Evanescent Field Dependence on Waveguide Geometry 

Next to the coupling conditions and the refractive index contrast, the intensity of the 

evanescent field strongly depends on the waveguide geometry3,4, such as the fiber 

diameter in case of fiberoptic evanescent field sensors, or the waveguide thickness in case 

of a planar waveguide geometry.  Many studies have shown that decreasing the fiber 

diameter or tapering a section of the fiber increases the intensity of the evanescent field, 

and thereby improves the sensitivity for the determination of molecular species present 

within the penetration depth of the evanescent field5-10.   

 

The Lambert-Beer law as shown in Eqn 3.2 applies to evanescent field sensing systems 

with a modification defined as follows: 
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-log I/I0 = (ε c l) r   (Eqn 3.4) 

 

where I/I0 and ε are as described above, c is the concentration of absorbing analyte in the 

solution at the waveguide surface, l is the contact length along the waveguide, and r is the 

fractional power of the radiation guided outside the core of the waveguide in the 

evanescent field.  This fractional power can be defined as11: 

 

! 

r =
4 2

3V
    (Eqn 3.5) 

 

where V is the normalized frequency parameter defined as “V number”.  For cylindrical 

fibers, V is defined as: 

 

! 

V =
2"#

$
NA     (Eqn 3.6) 

 

where ρ is the fiber radius, λ is the wavelength of light, and NA is the numerical aperture 

of the fiber (NA = (n1
2-n2

2)1/2, where n1 is the core refractive index and n2 is the cladding 

or surrounding layer refractive index). 

 

Planar waveguides follow similar principles as cylindrical fibers.  However, a planar 

waveguide geometry does not have radial symmetry causing equations governing 

properties of radiation in the waveguide to be more complex than those of cylindrical 
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fibers.  As the definition of fractional power outside the fiber core and V number 

presented here are qualitatively the same for planar waveguides, they will be used 

throughout this thesis to explain their dependence on waveguide geometry parameters.  

Beam propagation simulations will be presented in chapter 5 providing quantitative 

analysis of planar slab waveguides.   

 

As the fractional power in the core inversely depends on the V number, minimizing this 

number will give the highest intensity in the evanescent field at a fiber interface and, 

therefore, the most sensitive measurements of molecules at the fiber surface.  Minimizing 

the V number can be achieved by minimizing the fiber radius.  The dependence of the V 

number on the wavelength of light indicates that for a broadband light source the system 

would have a distribution of V numbers and, therefore, of fractional powers in the core.  

This represents an advantage for single mode light sources over broadband sources, as a 

distribution of evanescent field intensities is not ideal for quantitative sensing 

applications. 

 

A single mode waveguide matched to the emission frequency of a corresponding DFB 

laser light source would maximize the intensity of the radiation guided outside the 

waveguide in the evanescent mode.  As the thickness of a waveguide supporting a single 

light mode varies with the wavelength, waveguides need to be designed for each 

wavelength of interest for maximizing the achievable sensitivity, which is the inherent 

potential of laser-based evanescent field sensing systems.  
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QCLs emitting monomode (TM00) radiation are an ideal platform component for highly 

integrated on-chip IR evanescent field sensing systems with frequency-matched 

waveguides.  The design of such waveguides will be discussed in Chapter 5 with 

demonstration of their application to chemical sensing presented in Chapter 6. 
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CHAPTER 4 

QCL-BASED GAS PHASE SENSING 

 

In this chapter, gas sensing systems using glass and photonic bandgap hollow waveguides 

are presented along with background on applications of gas sensing, the state-of-the-art 

techniques, and the development and theory of the waveguides utilized. 

 

4.1 Motivation   

Due to the strong and distinct absorption features of organic compounds in the MIR, gas 

sensing in this spectral region is useful to many applications, and it has the potential to be 

sensitive as well as selective. QCL-based gas phase sensing is particularly applicable to 

applications which simultaneously require high sensitivity, compact devices, simple 

operation, and fast response times such as breath analysis and atmospheric monitoring. 

 

4.1.1 Breath Analysis 

Breath analysis is a non-invasive medical diagnostic technique, which has been steadily 

attracting interest in recent years.  There are over 200 compounds present in exhaled 

breath1, many of which are amenable to the diagnosis of various medical conditions when 

measured accurately at very low concentration levels (typically low ppb range).  Breath 

analysis studies are currently performed using techniques such as chemiluminescence, 

electrochemical sensors, and gas chromatography2.  Furthermore, recent efforts using 

compact ion mobility spectrometers have been reported3.  Table 4-1 shows examples of 
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gaseous compounds found in breath, the condition affecting their levels, and the 

sensitivity required for monitoring.   

 

Table 4-1: Selected compounds relevant to breath analysis. 

Gas Condition affecting 
concentration 

Normal 
concentration 

Abnormal 
concentration 

Nitric Oxide (NO)2 Airway inflammation/ 
Asthma 

  10    ppb  > 15   ppb 

Carbon Dioxide (CO2)2 Cystic Fibrosis    2     ppm      5    ppm 
Isoprene4 Chronic Heart Failure    1.2  ppb      0.7 ppb 
Ethane5 Liver disease 100    ppt  400    ppt 
Dimethylsulfide5 Liver disease     1    ppb      5    ppb 

 

The analytical challenge in breath analysis is achieving the high sensitivities needed for 

accurate diagnosis, while maintaining a small sample volume and simple-to-use system.  

Many gas sensing techniques are capable of achieving the necessary sensitivity levels 

using large multipass gas cells, which would be impractical for exhaled breath as their 

volumes are typically on the order of several hundreds of millilters to liters.   

 

4.1.2 Atmospheric Monitoring 

Atmospheric monitoring requires sensitive detection of gases over large spatial regions 

due to perturbations in the chemical composition of the atmosphere particularly of carbon 

containing gases which affect air quality and climate change.  The need for quantitative 

measurement techniques of these gases has been outline by the Strategic Plan of the U.S. 

Climate Change Science Program6.  This program outlines the need for monitoring of 

pollutant emission, atmospheric transport, climate change, and air quality.  Table 4-2 
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shows examples of atmospheric gases of interest along with concentration levels, 

precision levels, and response times needed for monitoring of each gas.   

 

Table 4-2: Selected target gases for atmospheric monitoring 
 

Atmospheric gas Concentration 
level 

Precision 
level 

Required 
response time [s] 

Carbon dioxide (CO2)  350 ppmv ± 1 ppmv  100 
Carbon monoxide (CO)  60 ppbv ± 10 ppbv  100-10 
Methane (CH4)  1.7 ppmv ± 50 ppbv  100-10 

 

Selected target gases shown in table 4-2 were identified through collaboration with Judith 

Curry, David Tan, and Greg Huey from the Earth and Atmospheric Sciences department 

at Georgia Tech.  From a list of many environmentally interesting atmospheric gases, 

these compounds were determined to be well-suited to monitoring with a QCL-based 

sensing system due to their relatively high concentration and precision levels as well as 

response times.    

 

Frequently, monitoring is performed using unmanned aerial vehicles (UAVs)7 for 

applications such as plume tracing above urban areas and in the atmospheric boundary 

layer.  Currently, atmospheric gas sensing is often performed with optical sensing 

techniques such as tunable diode laser (TDL) spectrometers8-13 due to their compact size 

and ability to achieve the required low detection limits.  As QCLs are characterized by 

similar advantages while additionally providing greater flexibility in the availability of 

appropriate emission wavelengths, their application to the field of atmospheric 

monitoring is of significant interest.  The analytical challenge in sensing of atmospheric 
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gases is not only achieving the required sensitivity, but also the demanded high precision 

level as comparatively small changes in concentration are highly relevant in this field.   
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4.2 State-of-the-art in Laser-Based Gas Sensing   

At its most sensitive, gas sensing in the mid-infrared (MIR) spectral range is able to 

achieve sensitivities in the ppb and sometimes ppt range.  The most sensitive techniques 

used are briefly discussed below.   

 

4.2.1 Multipass Transmission Absorption Spectroscopy 

The most common IR gas sensing technique utilizes multipass transmission cell such as a 

Herriott14 or White15 cell.  These cells consist of a chamber filled with analyte gas with 

mirrors at the ends, which fold the beam back and forth through the cell creating an 

extended yet defined optical pathlength in a small volume providing both high sensitivity 

and a relatively compact overall size of the system.  Multipass cells have the 

disadvantage of comparatively large volumes (typically on the order of liters), which 

leads to extended sample residence times and, consequently, an inadequate system 

response times for continuous sensing applications aiming at resolving concentration 

fluctuations at small time scales.   

 

4.2.2 Photoacoustic Spectroscopy 

Photoacoustic spectroscopy16 relies on the photoacoustic effect for the detection of 

absorbing analytes.  The sample gas is sealed into a confined space where modulated 

(e.g. chopped) light can enter via an IR transparent window to be absorbed by IR-active 

molecular species.  Thereby, the temperature of the gas increases leading to periodic 

expansion and contraction of gas volume synchronous with the modulation frequency of 

the radiation.  This produces a pressure wave, which can be acoustically detected via 
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simple microphones providing high sensitivity measurements and small sample volumes .  

A significant disadvantage to this technique is its sensitivity to vibrational noise.  As 

measurements are based on an acoustic signal, external vibrations cause noise in the 

system reducing the sensitivity achievable. 

 

4.2.3 Cavity Ring-down Spectroscopy 

Cavity ring-down (CRD) spectroscopy17 confines gas in an optically reflective cavity 

where radiation is introduced by a laser.  The amplitude of the radiation is monitored, 

which decays at a certain rate in the absence of absorption.  Once absorbing sample gas is 

introduced, the rate of decay increases indicating the presence of an absorbing species.  

This technique provides high sensitivity, but involves a delicate optical set-up as well as 

difficult data interpretation.  As the measured parameter is the rate of decay of the light 

intensity, the decay due to absorption from the analyte of interest must be separated from 

decay due to mirror and other cavity dependent losses.   

 

4.2.4 Integrated Cavity Output Spectroscopy 

A variation of CRD spectroscopy is integrated cavity output spectroscopy (ICOS)18.  In 

this technique, the cavity output is integrated providing an absorption spectrum as the 

source is scanned across wavelengths.  This technique provides sensitivity levels 

comparable to that of CRD, but with a simpler data analysis.   
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4.2.5 Differential Absorption LIDAR 

Light detection and ranging (LIDAR) is a technique commonly used in atmospheric 

sensing where light from a source is transmitted over a distance to a target and is partially 

reflected back to a detector.  Changes in the light properties return information about the 

target or compounds in the distance between the source and target.  Differential 

absorption LIDAR (DIAL) can be used to measure atmospheric gases or pollutants19 by a 

ratio of the intensity of a beam which is absorbed to one which is not.   

 

4.2.6 Quantum Cascade Lasers in Gas Sensing 

Despite their comparatively young history, QCLs have already successfully been applied 

in various gas sensing formats due the wide range of available emission frequencies20-21, 

22.  Sensitive detection of gaseous species with QCL technology has been reported by 

photoacoustic spectroscopy23-25 as well as by quartz-enhanced photoacoustic 

spectroscopy26.  The latter technique demonstrated the detection of N2O down to a 

concentration of 4 ppb.  Demonstration of QCLs in cavity rindown spectroscopy has lead 

to a detection limit of 0.7 ppb of NO in N2
27.  Application of these laser sources in 

integrated cavity output spectroscopy has achieved detection of less than 1 ppb of NO in 

human breath samples28, 29.  

 

QCLs have also been applied in gas sensing for transmission spectroscopy including 

applications such as atmospheric monitoring30, cigarette smoke analysis31, NO 

detection32, 33-36, and vehicle emission analysis37,38.  Most QCL transmission spectroscopy 

measurements utilize a multipass gas cell to achieve the desired sensitivities, however, 
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hollow waveguides (HWGs) have recently been applied as well, and will be discussed 

below.   

   

Consequently, QCL-based sensing systems have become commercially available for a 

limited set of analytes.  Aerodyne Research, Inc.39 (Billerica, MA) produces a gas 

analyzer with room-temperature pulsed QCLs coupled to a 56 m pathlength multipass gas 

cell capable of detecting N2O, CH4, and NH3 down to low ppb levels.  Physical Sciences, 

Inc.40 (Andover, MA) provides two QCL systems with wavelengths at 5.2 µm and 4.6 µm 

capable of detecting 10 ppb concentrations of NO and CO gas, respectively, with 

pathlengths of 1 m.  Cascade Technologies41 (Glasgow, Scotland) is producing a Micro 

Gas Sensor capable of sub ppm detection with a compact size of 200 x 400 x 200 mm and 

an Ultra Gas Sensor capable of ppt level detection.   
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4.3 Hollow Waveguides   

Hollow waveguides were originally developed as a power delivery system for surgical 

lasers, such as the CO2 laser operating at 10.6 µm, and were later applied to gas 

sensing42.  These guides consist of a reflective tube with a hollow air core, which 

transmits radiation by reflection off the HWG inner wall.  This air core allows usage with 

high power lasers needed in surgical applications without the concern of melting at the 

high temperatures created upon heating by MIR radiation, as e.g. in solid core fibers.  

The typical transmission range of 2 to 15 µm43, 44 renders HWGs ideally suited for MIR 

sensing applications.   

 

Conventional HWGs are classified in two distinct types depending on the light guiding 

mechanism:  (i) attenuated total reflection (ATR) waveguides, and (ii) leaky mode 

waveguides.  ATR guides consist of a tube made from material with refractive index (n) 

less than that of the air core (n=1), while leaky guides are composed of a tube coated on 

the inside with material of n>1.  Leaky guides are much more common and are 

exclusively used during the studies presented here.   

 

4.3.1 History 

HWGs were first produced by Garmire45 in the late 1970’s consisting of two strips of 

aluminum separated by dielectric spacers as shown in table 4-3. The rectangular cross-

section of these waveguides was responsible for substantial optical losses not only during 

bending but also during twisting of the waveguides.   
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Miyagi46 produced the first cylindrical HWGs by plating nickel and then sputtering 

germanium inside an aluminum pipe, which was then removed leaving a nickel tube 

coated with germanium at the inside.  Layering a dielectric coating on top of the 

reflective metal provided an increase in reflectivity due to an interference pattern 

established as a result of the dielectric film.  Thin-films are deposited at a thickness 

which interacts with the wavelength of operation causing interference and therefore 

minimized losses at that wavelength.  This type of structure was used for all future 

waveguide structures of similar architecture.   

 

Miyagi’s Ni/Ge design was later improved by using a silver tube coated at the inside with 

zinc selenide (ZnSe)47 yielding a waveguide with much lower losses.  HWGs based on 

plastic structural tubes were first presented by Croitoru48.  These guides had reflective 

layers of silver and silver iodide, which provided a distinct processing advantage as they 

could be formed by passing iodine gas over the silver layer already present at the inside 

of the waveguide reducing the number of deposited layers and processing steps.   

 

Glass structural tubes with Ag/AgI were introduced by Harrington49, which have the 

advantage of a very smooth inner surface for the deposition of the silver layer resulting in 

a lower surface roughness of the final HWG, which in turn leads to lower optical losses.  

The latest generation of HWGs utilizes an architecture consisting of cylindrical layers of 

glass and plastic, which creates a one-dimensional photonic bandgap material promising 

lower bending losses in contrast to conventional HWGs.  These waveguides will be 

discussed in the next section. 
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Table 4-3: Selected milestones in the development of HWG technology. 
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Garmire 

et al.45 

Al strip with 

dielectric 
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rectangular 

 

 

 

 

 

0.22dB/m 

First HWG; 

higher powers 

can be 

transmitted 

 

 

1983 

 

Miyagi 

et al.46 

 

Ge coated Ni 

tube;  cylindrical 

 

 

 

 

0.5dB/m 

Eliminated 

losses due to 

twisting of 

 

 

1990 

 

Matsuura 

et al.47 

 

ZnSe coated Ag 

tube 

 

 

 

 

0.021dB/m 

 

Much lower 

losses with silver 

compared to 

nickel 

 

 

1992 

 

Dahan 

et al.48 

 

Ag/AgI coated 

plastic tube 

 

 

 

 

0.5dB/m 

 

Very flexible; 

simple and cheap 

in fabrication 

 

 

1994 

 

Abel 

et al.49 

 

Ag/AgI coated 

glass tube 

 

 

 

 

 

0.15dB/m 

 

Smooth inner 

surface 

 

 

1999 

 

Fink 

et al.50 

Alternating 

plastic and glass 

layers 

 

 

  

Lower bending 

losses 

Year Authors HWG 
description 

HWG 
schematic 

Losses 
(@ 10.6 µm) 

Improvement 

PBG material 

Ni Tube 

Ge 

Al Strip 

Ag tube 

ZnSe 

Plastic tube 

AgI 

Ag 

Glass tube 

Ag 

AgI 

Dielectric spacer 
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4.3.2 Photonic Bandgap Hollow Waveguides 

Photonic bandgap (PBG) fibers are a fundamentally new type of HWGs.  PBG materials 

(also known as ‘photonic crystals’) are periodic structures of dielectric materials where 

the periodicity enables controlling light inside the crystal in a way analogous to that of 

electrons in a semiconductor material.  The periodic dielectric constant creates diffraction 

patterns prohibiting photons of certain frequencies from propagating inside the crystal.  

Resulting, the PBG acts as a perfectly reflecting mirror for these frequencies, which can 

be tailored (in frequency) by changing the crystal feature size.  Figure 4-1 shows an 

example of one-, two-, and three-dimensional photonic crystal structures. 

 

 

Figure 4-1: Photonic crystal structures with periodicity in 1-D (left), 2-D (center), and 3-

D (right). 

 

To create a complete PBG where light is controlled in all directions, a three-dimensional 

crystal is needed.  A linear defect in a 3-D crystal would act as a waveguide, however, 

this is difficult to manufacture.   
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Cregan et al51 developed the first PBG fibers in 1999, which guided light in an air core.  

These waveguides utilized a honeycomb structure made from silica with air gaps.  The 

structure of the fiber cross-section is shown in Figure 4-2a . The honeycomb pattern 

creates the periodic refractive index modulation leading to a photonic bandgap with 

radiation confined to the central defect air hole and guided along the length of the fiber.  

Another type of PBG fiber is the omnidirectional guide developed in 2002 by the Fink 

group52,53 and the Miyagi group54. The cross-section structure of these materials is shown 

in Figure 4-2b consisting of materials with alternating refractive index forming a 

cylindrical layer stack.  This configuration creates a one-dimensional photonic crystal 

wrapped into a cylindrical shape with a hollow center in which light is guided.   

 

 

Figure 4-2: Schematic PBG HWG cross sections of (a) honeycomb type structures (light 

is confined to the central defect hole) and (b) omnidirectional guide (light is confined by 

cylindrical 1D photonic crystal layers). 

 

While light in honeycomb type structures55,56 is confined to the small central air hole, the 

omnidirectional guides feature a large open hollow core whose dimensions are uncritical 

to the frequency of light reflected from the HWG walls.  The latter structure is therefore 

more useful in sensing applications where the waveguide simultaneously serves as a gas 
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cell accommodating the gas sample in the hollow core.  Photonic crystal fibers have also 

been demonstrated using a honeycomb structure with a large central defect hole57.  These 

fibers also have potential in gas sensing applications.   

 

The thickness of the dielectric cylinders in an omnidirectional guide can be varied 

enabling tuning of the bandgap to confine selected frequencies of light.  These 

omnidirectional guides are currently being commercially produced by OmniGuide 

Communications Inc. (Cambridge, Mass.) for use with CO2 laser frequencies (10.6 µm) 

in surgical applications.  The transmission spectrum of these fibers is shown in Figure 4-

3.   

 

 

Figure 4-3: Transmission spectrum of a commercially produced OmniGuide Fiber 

designed to transmit light at 10.6 µm with OmniGuide schematic (inset).  (Image 

courtesty of OmniGuide Communications Inc.) 
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The area of high transmission centered around 10.6 µm shown in Figure 4-3 corresponds 

to the bandgap created by the cylindrical layers forming the waveguide structure.  Light 

in this frequency range would be reflected off the walls of the fiber and transmitted along 

the hollow core.   

 

As the production of these fibers is easily tunable for other frequencies, OmniGuide 

fibers are ideal for laser-based integrated gas sensing devices, where the emission 

frequency of the light source is matched with a selective absorption line of an analyte.   

 

4.3.3 Losses in Hollow Waveguides 

Attenuation in HWGs has been extensively studied and is most frequently reported based 

on the fundamental studies of Marcatili and Schmeltzer58.  However, these studies use 

microwave wavelengths and are of limited value in the IR59.  Miyagi et. al. have studied 

losses in HWGs at IR wavelengths for both metallic and dielectric coated metallic 

waveguides60.   

 

Losses in HWGs depend on many factors, which have to be considered in their design 

including the coated layers (metallic and dielectric) and their properties (thickness, 

surface roughness, and refractive indices), bore size or inner diameter, and transmitted 

radiation (mode and phase).  Additional losses appear when the waveguide is bent.  For 

the purpose of the present work, the two aspects of interest are the bore size dependence 

and the bending losses as these are factors which are currently controllable until 

dedicated waveguides will be manufactured.   
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To determine the dependence on bore size, we use the general loss equation developed by 

Miyagi and Kawakami60 for dielectric coated metallic HWGs: 
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where α is the attenuation coefficient, T is the bore radius, n is the refractive index, k and 

u are parameters from the film and mode, and F is a loss factor based on the phase and 

mode of the light.  This equation shows that the dependence of attenuation on the bore 

radius is α ∝ 1/T3 and, therefore, the attenuation decreases rapidly as the inner diameter 

of the hollow waveguide increases.   

 

Miyagi et. al.59 have also described bending losses according to wave theory by:  
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where αB is the loss due to bending, R is the radius of the bend, and all other variables are 

as described above.  Hence, the bending losses are directly proportional to 1 - 1/R2 or, as 

the radius of the bend decreases (the bend becomes tighter), the losses due to bending 

increase.     

 

4.3.4 Hollow Waveguide in IR Gas Sensing 

In our studies HWGs are used in gas sensing devices as both a waveguide and gas 

transmission cell.  Similar to multipass cells, they provide an extended optical pathlength 

yielding high sensitivity measurements.  Their advantage over conventional multipass gas 
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cells is that they have a much smaller sample volume (typically on the order of one mL) 

and, therefore, provide a smaller dead volume and a faster response time.   

 

Spectroscopy inside a HWG61 was first demonstrated in the 1980’s in GC/IR 

measurements using ‘light-pipe’ technology62, 63.   Harrington et. al.64 recorded a 

spectrum of CO2  inside a HWG in 1991, and Saito et. al. introduced the use of a HWG as 

a gas transmission cell in 1993 by measuring NH3 gas with a CO2 laser.65  Following 

these works, HWGs were applied in FT-IR spectroscopy for the detection of aromatics 

extracted from soil66 and pollutants extracted from water67-69, as well as for cigarette 

smoke analysis.  HWGs have also been coupled to CO2 lasers for sensing of ethylene70, 71 

and NH3
65.  

 

HWGs coupled to QCLs were first demonstrated in gas sensing by Hvozdara et. al.72 

detecting ethylene gas down to a concentration of 250 ppm.  This system utilized a 

waveguide with an inner diameter of 2 mm with an FTIR spectrometer coupled to the 

distal end of the waveguide to resolve the measurements by wavenumber.   

Fetzer et. al. demonstrated HWG-QCL36 sensing with a 1 mm inner diameter waveguide 

building on their previous works with tunable diode lasers coupled to a HWG73.  This 

system utilized a coiled waveguide with a length of 9 m, and was able to detect nitric 

oxide down to a concentration of 60 ppb.   

 

The studies in this thesis demonstrate gas sensing with a QCL coupled to both a silica 

HWG74 and a PBG HWG75.  Silica HWG work is performed as a follow-up to the works 
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by Hvozdara et. al.72 and was performed simultaneous to that of Fetzer et. al.36  The PBG 

HWG system was developed as the next generation device concept after the silica HWG 

studies, and is the first demonstration of sensing inside a PBG material.  These works are 

discussed in the following sections.   
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4.4 Silica Hollow Waveguide Sensing System 

The gas sensing system developed in this study74 uses a silica HWG as both a waveguide 

and a miniaturized gas cell demonstrating gas sensing with a QCL at high sensitivity 

levels and with rapid response times.   

 

4.4.1 Experimental 

The HWG used in this study was developed by Croitoru et al 76,77 at Tel Aviv University 

and consists of a silica glass tube coated at the inside with a reflective silver layer and a 

thin layer of silver iodine to create a stable and inert infrared reflective coating for leaky 

mode waveguiding.  A polymer coating around the outside of the silica structural tube 

improves mechanical robustness.  The HWG had a length of 4 m and an inside diameter 

of 700 µm resulting in an internal volume of approximately 1.5 mL.  A schematic of the 

waveguide cross section is shown in Figure 4-4. 

 

 

Figure 4-4: Glass HWG Cross Section. 

 

The quantum cascade laser (laser s1537) was operated at a pulse width of 200 ns using a 

repetition rate of 22 kHz.  The pulse amplitude was set to 11 V, which is sufficiently low 
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to avoid saturating the detector.  The temperature of the laser was kept constant at 283 K 

via Peltier cooling throughout all experiments. 

 

Custom made gas cells (shown in Figure 4-5) are sealed around each end of the hollow 

waveguide, which provide an inlet and outlet for the analyte gas and feature infrared 

transparent ZnSe windows for simultaneously coupling laser radiation into and out of the 

HWG.  The dead volume inside the gas cells is < 5 mm3 allowing gas to be injected 

directly into the HWG.   

 

 

Figure 4-5: HWG gas cells. 

 

The experimental setup for the gas sensing system is shown in Figure 4-6.  The QCL is 

collimated and focused into the HWG through the window of the gas cell using a pair of 

off-axis parabolic mirrors (OAPMs) with a focal length of 2.54 cm.  Radiation emitted 

from the distal end of the HWG was collected and focused onto the MCT detector 

element with a second pair of OAPMs.   

ZnSe 
window 

Gas inlet 
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Figure 4-6: Experimental setup. 

 

The fast response of the detector (bandwidth of 50 MHz) enabled the signal from a single 

laser pulse to be monitored with minimal time delay of the detector and preamplifier, 

while the signal was evaluated using an oscilloscope.   

  

Ethyl chloride obtained from Airgas (Radnor, PA) was mixed with ambient air at 

different concentration levels, and was injected into the HWG gas cell. Gas 

concentrations were prepared by injecting a small volume of ethyl chloride collected 

from a gas sampling bag into a sealed glass vial with a volume of 211 mL using a 

gastight syringe.  Each injection used 8 mL of gas mixture to ensure that the entire 

waveguide with a total internal volume 1.5 mL including the gas cells was filled with 
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sample gas.  Damping of the laser signal due to absorption by the ethyl chloride 

molecules was then detected with the MCT detector and read out by the oscilloscope.  

 

4.4.2 Results 

The experimental setup described above provides a high optical throughput transmitting 

sufficient light through the entire system to saturate the detector in the absence of 

absorbing species.  This strong signal through a long waveguide can be attributed to the 

emission power of the QCL (average power of 2 to 10 mW; peak power of 100 to 500 

mW) as well as the efficient light guiding properties of the HWG (attenuation losses 

approx. 0.5 dBm-1 for straight guides).  This efficient combination enables light-guiding 

over considerably large distances and has substantial potential for guiding infrared 

radiation to remote locations for sensing applications, such as environmental and process 

monitoring, and medical/biomedical applications of QCL technology.  For the current 

application, the laser was driven with current pulses of low enough amplitude to avoid 

saturating the detector, enabling small changes in the signal to be detected.   

 

The analyte concentration is determined by damping of the laser signal due to absorption 

of light inside the hollow waveguide at vibrational resonance frequencies of analyte 

molecules.  Ethyl chloride gas has a strong absorption band at 974 cm-1 due to the ν9 

stretching vibration, which overlaps with the QCL emission line as shown in Figure 4-7 

illustrating the transmission spectrum of ethyl chloride gas in comparison to the emission 

spectrum of the QCL.   
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Figure 4-7: FTIR spectra of emission (curve a) and ethyl chloride absorption (curve b) 

band overlap. 

 

The laser emission frequency best matches the absorption of ethyl chloride at 283 K.  

Therefore, the QCL was kept constant at that temperature throughout the measurements.  

The laser line at 971 cm-1 does not perfectly correspond to the analyte absorption band 

with the peak maximum located at 974 cm-1, as shown in Figure 4-7.  A QCL providing 

perfect overlap with the analyte absorption band would provide an improvement of the 

limit of detection by approximately 20 %.   

 

Laser emission line overlap with the ethyl chloride absorption band causes increasing 

concentrations of ethyl chloride inside the waveguide to decrease the measured laser 

signal due to absorption of infrared radiation as governed by the Lambert-Beer law. 
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Figure 4-8 shows damping of the measured laser signal as the ethyl chloride 

concentration increases from 5 ppm (v/v) to 100 ppm (v/v) inside the waveguide.   
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Figure 4-8: Damping of laser signal in presence of analyte for ethyl chloride in air 

concentration a) 0 ppm, b) 1 ppm, c) 5 ppm, d) 10 ppm, e) 15 ppm, f) 20 ppm. 

 

Each curve represents a single laser pulse for a different concentration as measured by the 

oscilloscope.  The non-Gaussian pulse shape is likely due to electronics as discussed in 

chapter 2, while the peak above zero is due to back-reflection from the ZnSe windows of 

the gas cells, as it is not observed with a simple system consisting of the laser and a room 

temperature MCT detector without a window in between.  Higher concentrations of ethyl 

chloride gas inside the HWG give a larger absorption and therefore less light transmitted 

through the waveguide.  This produces a smaller voltage signal, which is in accordance 

with Lambert-Beer’s law demonstrating the feasibility of this measurement technique.   
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Calibration graphs correlating the concentration of the analyte to the integrated area of 

the laser signal are generated from the measurements shown in Figure 4-9.  The 

absorbance is plotted as function of ethyl chloride concentration in Figure 4-9.   
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Figure 4-9: Percentage signal damping as a function of concentration of ethyl chloride in 

air present in the waveguide. 

 

The system shows a linear response over the evaluated concentration range of 5 ppm 

(v/v) to 100 ppm (v/v).  A linear regression line was fitted to the points and forced 

through the origin since the absence of analyte in the waveguide causes no damping, 

which fit with an R2 value of 0.9614.  Error bars indicate the reproducibility for each data 

point based on 5 measurements of individually prepared samples at each concentration.  

Larger error bars, as found for the signal corresponding to the concentration of 15 ppm 
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(v/v), are attributed to inaccuracy during manual preparation of the gas mixtures.  This 

error is larger at the higher gas concentrations, as would be expected due to mixing of the 

gas mixture with ambient air during injection to the system.  Based on the 3σ criterion 

with σ representing the average noise, the limit of detection for this system was 

calculated as 0.5 ppm (v/v).  The main source of noise in the system results from pulse-

to-pulse variations of the laser output power.  With a laser emission frequency 

corresponding more precisely to the peak absorption of the analyte, the LOD would be 

lowered to approximately 0.4 ppm (v/v). 

 

Previous studies by Hvozdara et al72 utilized cryogenically cooled GaAs/AlGaAs QCLs 

coupled to a glass hollow waveguide with a length of 434 mm for gas phase infrared 

spectroscopy, and found a limit of detection of 250 ppm (v/v) for ethylene.  The 4 m long 

hollow waveguide used here provides a significantly increased optical path length, which 

enables enhanced interaction between the laser light and absorbing molecules inside the 

volume of the HWG.  The reported increased limit of detection with the current 

experimental configuration is mainly attributed to the increase of the optical path length. 

However, as the two setups are based on different QCLs and optical configurations, and 

probe different analytes, quantitative comparison of the results is not possible.     

 

This increase in system sensitivity based on the increase of optical path length leads to 

consideration of utilizing yet longer waveguides.  However, this would significantly 

increase the overall footprint of the sensing system.  An extended optical path length yet 

maintaining a compact system would require utilizing a coiled or bent waveguide 



79 

geometry.  Due to the high attenuation losses in bent silica HWGs resulting from 

coupling into the wall material, this configuration will not provide a significant 

improvement once the overall lower optical throughput is considered.  Therefore, a new 

generation of HWGs based on photonic bandgap materials has been implemented for gas 

sensing.   
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4.5 Comparison of Bending Losses 

Experiments to compare the bending losses of the glass HWG used above to the losses 

encountered in a photonic bandgap HWG were performed during a research stay at 

OmniGuide Communications Inc. in Cambridge, Massachusetts.   

 

4.5.1 Experimental 

A variety of waveguides were compared with a QCL source and a CO2 laser in the 

configuration shown in Figure 4-10. 

 

 

Figure 4-10: Experimental setup for the comparison of bending losses. 

 

The laser light source was coupled into the waveguide, which was bent at 90° bend with a 

radius of curvature of 20 cm.  The distal end of the waveguide was then coupled to a 

liquid nitrogen cooled MCT detector for the QCL configuration, or a power meter for 

studies using the CO2 laser.  Both the glass HWG and the PBG fiber had inner diameters 

of 700 µm and a length of 1 m enabling a direct comparison.   
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Light from the QCL is polarized perpendicular to the laser end facet, i.e. in the vertical 

direction for the typical laser orientation.  For the photonic bandgap waveguide, bending 

losses are polarization dependent.  As the waveguide consists of layers, which are 

compressed upon bending causing losses, a bend in the plane of polarization would be 

expected to result in higher losses.  This configuration is termed the ‘high loss plane’, 

while light polarized perpendicular to the bend would correspond to the ‘low loss plane’.  

If figure 4-10 is considered a top-down view with the emitted laser radiation polarized 

out of the plane of the figure, this would represent the low-loss bending plane.  A laser 

turned 90° to the side would couple into the high loss plane.  The CO2 laser radiation was 

circularly polarized and would be expected to provide losses that are between the two 

QCL polarization states for bends in the photonic bandgap waveguide.   

 

4.5.2 Results 

Table 4-4 shows a summary of the results of the bending experiments for both the glass 

HWG and the photonic bandgap waveguides for the CO2 laser and both QCL 

polarizations.   

 

Table 4-4: Comparison of bending results. 

 QCL - High loss 
plane 

QCL - Low loss 
plane 

CO2 - Circularly 
polarized 

PBG fiber 1.69 dB 0.34 dB 0.86 dB 
Glass HWG 9.85 dB 10.77 dB 
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The losses were calculated as the ratio of the signal transmitted through the waveguide 

with the bend to the signal through the straight waveguides.  The losses are reported in 

decibels (dB) per specific bend.   

 

As shown in table 4-4, the losses for the glass HWG were orders of magnitude higher 

than those of the PBG waveguide for both the QCL and the CO2 laser.  HWG bending 

losses are reported in literature to be approximately 1 dB for a 20 cm radius bend.  This 

value differs significantly from the experimentally determined value reported in our 

studies.  The difference can be attributed to defects in the HWG segments found during 

measurements by simultaneous imaging with an IR camera.  The IR images revealed 

hotspots along the waveguide as radiation was transmitted, which increased significantly 

when bending the waveguide.  Two separate segments were tested, and both of which had 

defects.  However, even using the literature reported value of 1 dB for a 20 cm bend 

results in significantly higher losses than for the PBG waveguide in the low-loss bending 

plane.   

 

It is of interest to note that the losses observed in the PBG waveguide follow the theory 

of a high loss and a low loss plane.  A loss of 0.34 dB was determined for the low loss 

plane, while the high loss plane resulted in a loss of 1.69 dB.  The circularly polarized 

radiation from the CO2 laser gave a loss in between the two loss planes (0.86 dB), as 

predicted.  In the silica HWG, the polarization state of the radiation did not make a 

significant difference.   
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4.6 Photonic Bangap Hollow Waveguide Sensing Systems 

The sensing system developed in this study75 uses an OmniGuide fiber as both a 

frequency selective waveguide and a miniaturized gas cell similar to the glass hollow 

waveguide discussed above.   

 

4.6.1 Experimental 

The system was designed providing a three-way overlap between the bandgap of the 

waveguide, the laser emission frequency, and the analyte absorption band as shown in 

Figure 4-11. 

 

 

Figure 4-11: FT-IR spectra of the overlap between ethyl chloride absorption band (top) 

and laser emission band (bottom) with the OmniGuide fiber transmission range shown in 

yellow. 
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The QCL operating at 974 cm-1 (10.3 µm) with a pulse width of 40 ns, a period of 2.64 

µs, a pulse amplitude voltage setting of 38 V, and an operation temperature of 5 °C was 

used to detect ethyl chloride gas similar to the silica HWG experiments detailed above. 

As shown in Figure 4-11, the QCL emission frequency matches with the absorption 

frequency of the C-H stretching vibration of ethyl chloride gas. The photonic bandgap of 

the used OmniGuide fiber also corresponds to this frequency band, as represented by the 

yellow area in Figure 4-11.  As in the silica HWG experiments described above, the 

presence of ethyl chloride within the PBG hollow waveguide results in damping of the 

laser signal due to absorption by the gaseous molecules. 

 

Light emitted from the QCL was coupled into a PBG fiber (OmniGuide 

Communications, Cambridge, MA) with a length of 1 m and an inner diameter of 700 µm 

using the same gas cells that were applied during the silica HWG studies, which had the 

same nominal outer diameter.  Figure 4-12 shows microscope images of the hollow 

waveguide cross sections of both the OmniGuide fiber and the silica HWG used in this 

work.   
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Figure 4-12: Microscope image of hollow waveguide cross sections with 10 X 

magnification of (left) OmniGuide fiber and (right) silica hollow waveguide. 

 

The experimental setup for the OmniGuide fiber sensing system is shown in Figure 4-13.   

 

 

Figure 4-13: Experimental setup. 
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As in the case of the silica HWG, the OmniGuide fiber simultaneously acts as waveguide 

and miniaturized gas cell for continuous sensing inside the hollow fiber core. The laser 

beam was divided into a reference and measurement channel with both beam lines 

equipped with liquid nitrogen cooled MCT detectors (Kolmar Technologies, 

Newburyport, MA).  While the silica HWG experiments utilized an oscilloscope to 

follow the signal from a single pulse of the QCL, data sets for the second generation 

system were recorded using a high speed data acquisition system (AMO, Aachen, 

Germany) enabling sampling at 100 MHz on each channel.  This system allowed 106 

pulses to be averaged, thereby significantly reducing the noise from pulse-to-pulse 

variations of the laser leading to an optimized signal-to-noise ratio.  Each measurement of 

both the measurement and the reference channel required 8 s to average one million 

curves. 

   

To avoid the substantial error bars due to manual sample preparation as evident in the 

measurements utilizing the silica HWG, gas samples for these experiments were prepared 

by exponential dilution, which is a technique commonly applied for trace gas calibration 

in gas chromatography78.  A known volume of ethyl chloride gas was injected into an 

exponential dilution flask79, as shown in Figure 4-14.   
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Figure 4-14: Schematic of an exponential dilution flask.  

 

Ethyl chloride gas was then exponentially diluted by an inert carrier gas (air) flowing at a 

constant velocity of 39 mL/min through this chamber. Using exponential dilution, an 

entire calibration series is recorded with a single sample, thus minimizing the error 

resulting from the manual preparation of individually diluted samples. The concentration 

(C) of analyte diluted in the carrier gas and flowing through the PBG fiber gas cell can be 

calculated at any time (t) by: 

C = Coe-αt
   (Eqn 4.3) 

where (Co) is the initial analyte concentration inside the exponential dilution chamber 

upon injection and (α) is the ratio of the carrier gas flow rate to the volume of the dilution 

chamber. 

 

4.6.2 Results  

The overlap between the emission frequency of the laser and the C-H absorption band of 

ethyl chloride gas results in absorption of radiation in the presence of analyte, which can 

be used for quantitative analysis based on the Beer-Lambert law. Injection of ethyl 
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chloride gas into the exponential dilution chamber generates a sensor response curve as 

shown in Figure 4-15.  

 

Figure 4-15: System response curve to an exponential dilution series. 

 

The signal shown in Figure 4-15 is calculated by the ratio of the signals of the 

measurement channel and the reference channel subtracted from 1. Based on this 

analysis, in the absence of ethyl chloride gas, the two channels are approximately equal 

giving a ratio of 1 corresponding to a signal of 0. As gas is injected into the exponential 

dilution flask, the concentration inside the waveguide remains at zero generating no 

signal.  Once gas flows into the waveguide, damping of the laser radiation occurs in the 

measurement channel generating a ratio < 1. Hence, the corresponding signal increases, 

followed by an exponential decrease with dilution of the gas mixture. 
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The obtained data sets fit to a first order exponential decay curve, as predicted by 

exponential dilution theory, with a residual value of 0.998.  The instantaneous 

concentration inside the photonic bandgap gas cell at any given time (t) can be calculated 

by Eqn 4.3.  Concentration gradients inside the hollow core PBG fiber gas cell are 

neglected as the flow rate of 39 mL/min and the internal hollow waveguide volume of the 

fiber (1.5 mL) result in a sample residence time inside the hollow core of 2.3 s, which is 

faster than the data sampling rate of 8 s.  Hence, we assume that any given data point 

represents an average concentration inside the waveguide for that 8 s interval.   

 

During a dilution series measurement, the limit of detection is determined from the 

smallest detectable ethyl chloride concentration calculated using Eqn 4.3, which can be 

discriminated against the background noise following the 3σ criterion.  The system noise 

derived by the random variations when analyte gas is not present is indicated in Figure 4-

16 by the red line. 

 

 

Figure 4-16: System noise level (red line) relative to signal change with time. 
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After 1750 s, the ethyl chloride concentration level has dropped below the level, which 

enables discriminating the signal change from noise indicating that the limit of direction 

is reached.  The limit of detection for ethyl chloride gas inside the hollow photonic 

bandgap gas cell was determined to be 30 ± 40 ppb.  

 

System improvements such as increased length of the PBG fiber and increased overlap 

between the laser and target analyte should enable limits of detection at the ppt 

concentration range.  Furthermore, techniques such as analyte pre-concentration from the 

gas phase could drastically improve the sensitivity of the system.  As the system utilizes a 

very small sample volume (1.5 mL) and is comparatively simple to operate, LODs at the 

ppt level would permit applications of this sensing concept in ultra-trace gas sensing and 

breath analysis.  
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4.7 Outlook 

After successful demonstration of QCL gas sensing in both a silica and a photonic 

bandgap HWG, subsequent projects will involve improvements to the system aiming at 

enhanced sensitivity and further miniaturization, as discussed below. 

 

4.7.1 Long Pathlength Coiled PBG HWG 

As bending losses in the OmniGuide Fiber have been proven significantly lower than 

those in a conventional silica HWGs, setups including a coiled or folded waveguide can 

now be realized.  According to the Lambert-Beer law, an increase in optical pathlength 

directly translates into increased sensitivity.  The limit of detection for the demonstrated 

system with a pathlength of 1 m is 30 ppb.  A waveguide length of 10 m would provide 

an improvement by one order of magnitude pushing the LOD into the single digit ppb 

range, which would be sufficient sensitivity for applications in breath analysis and 

atmospheric monitoring.  

 

However, this increase in pathlength would require a system configuration including 

waveguide bends, as a 10 m long sensing system would be impractical.  Bending losses 

in waveguides not only depend on the radius of curvature, but also on the length of the 

bend.  It is therefore expected that the optimal configuration of a long waveguide would 

be a coiled geometry with the coil taking the shape of a square with rounded corners.  

Here, the bends would be discrete and occur only at the corners rather than over the entire 

length of the waveguide, therefore minimizing the expected losses.  Characterization 

studies are essential in determining the bending radius and length resulting in minimal 
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losses, and the maximum waveguide length that can be used while maintaining sufficient 

signal throughput for trace measurements.   

 

4.7.2 Miniaturization 

Current setups have been demonstrated on a macro scale involving mL-sized samples of 

gas.  While this is sufficient for applications such as breath analysis and atmospheric 

monitoring, other applications such as IR detection in miniaturized gas chromatography 

could be realized with further miniaturization and integration of IR gas sensing devices.  

 

A potential format for a miniaturized gas sensor is to apply a small section of HWG as a 

gas cell with solid core fibers inserted into ends as optical coupling elements as shown in 

Figure 4-17.  These fibers could then be pigtail-coupled to both laser and detector 

reducing the need for bulky optics allowing the entire setup to be mounted on a compact 

platform.  Gas inlet and outlet ports would be created by drilling small bore holes (e.g. by 

focused ion beam milling) into the HWG section providing a flow through cell with an 

extremely small volume useful for micro gas sensing applications.   

 

 

Figure 4-17: Fiber-HWG-Fiber coupling with system signal throughput. 
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The fiber-HWG-fiber system shown in Figure 4-17 has been tested for signal throughput 

and proved to be viable as light from the QCL is readily transmitted and the pulse shape 

of the laser pulse remains evident after coupling through the optical elements.   

 

Miniature on-chip waveguides are another possible format for miniaturized gas sensing 

formats.  As silica HWGs are fabricated by coating a metallic layer followed by a 

dielectric layer on the inside of a support tube, fabrication of these structures on-chip 

could be envisaged.  Figure 4-18 shows first attempts at creating 500 µm wide by 500 µm 

deep metal coated channels on an epoxy resin substrate for testing of various bending and 

folding configurations of hollow waveguides.   

 

Figure 4-18: Gold coated microchannel waveguides 500 µm wide by 500 µm fabricated 

into epoxy resin block substrates for testing losses in folded (left) and curved (center) 

waveguides.  (right) Channel roughness of these first prototypes. 

 

Epoxy resin was selected due to the ease of defining and creating arbitrary patterns 

without the need for a mask and photolithographic processing.  However, the surface 

roughness of the channels proved to be too high using this etching process as shown in 

Figure 4-18.  A fabrication method such as focused ion beam milling could be used to 
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create the next generation of waveguides with much lower surface roughness, while still 

allowing arbitrary patterns to be created.   
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4.8 Conclusion 

Trace gas sensing has been demonstrated by coupling QCLs to both conventional silica 

HWGs and newly developed PBG HWGs.  A limit of detection of 0.5 ppm in the silica 

waveguide system is a significant advancement against previous works with QCLs 

coupled to HWGs by improving the detection scheme, data analysis, and increasing the 

HWG length.   

 

In the PBG system, the limit of detection was further improved to a level of 30 ppb by 

using a photonic bandgap waveguide with improved transmission properties and by 

further refinement of the data acquisition strategy.  This level of sensitivity is already in 

the range needed for selected target applications such as breath analysis, and can be 

further improved with a longer waveguide, which can be bent into a compact system due 

to the lower bending losses demonstrated for PBG hollow waveguides.  With these 

improvements, limits of detection in the single ppb range or high ppt range will be 

possible providing sensitivities similar to or better than those of QCL gas analyzers 

currently emerging on the market.  Furthermore, the developed gas sensing device 

concepts have the advantage of being more compact and using a much smaller gas 

sample volume than most commercial systems.    

 

It is anticipated that the systems demonstrated in this work will lead to highly integrated 

and miniaturized IR gas sensing devices, which can provide the sensitivities needed for 

target applications in the fields of breath analysis and atmospheric monitoring.   
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CHAPTER 5 

PLANAR IR WAVEGUIDE DESIGN 

 

This chapter presents considerations on the design of planar mono-mode MIR 

waveguides, which will maximize the sensitivity of evanescent wave measurements in 

the mid-infrared spectral regime. 

 

5.1 Beam Propagation Simulations 

As discussed in Chapter 3, the fractional power of radiation guided outside the core, or 

evanescent field intensity, is known to increase as the waveguide thickness decreases.  

This work presents the use of beam propagation methods (BPM) for the simulation of 

optical waveguides determining an optimum waveguide thickness for QCL sensing 

applications.   

 

5.1.1 BPM Method Setup 

Beam propagation methods (BPM) enable the simulation of propagation of light through 

waveguide structures based on mode optics calculations.  Simulations were performed 

using the Olympios software by C2V (Enschede, Netherlands).   

 

BPM simulations were designed to calculate the mode profile for a free-standing 

waveguide with an analyte layer at the waveguide surface utilizing the refractive index 

profile shown in Figure 5-1.   
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Figure 5-1: Refractive index profile for BPM simulations. 

 

The setup shown in Figure 5-1 is treated as an infinite slab assuming that the profile into 

the plane is considered to be homogenous and infinite resulting in no radiation 

confinement in this direction. The free-standing waveguide was considered to be 

surrounded by air with a refractive index of 1, while the analyte layer was assigned a 

refractive index of 1.35, which is approximating the refractive index of an arbitrary 

analyte solution.    

 

The radiation source is coupled into the waveguide at the left side of Figure 5-1, and has 

a Gaussian profile.  To avoid coupling losses, the source is located inside the waveguide 

material in the simulation, and changes in size with the waveguide dimensions to 

completely fill the waveguide.  In order to simulate the output of a QCL used in the 

experimental studies of this thesis, the source was defined to emit TM modes at a 

wavelength of 10 µm unless otherwise specified.   
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This profile provided a reasonable approximation of the evanescent field sensing system 

being utilized for measurements with a QCL coupled to a planar silver halide waveguide, 

which will be experimentally presented in Chapter 6.   

 

As the waveguide thickness is varied, a visual inspection of the two-dimensional 

radiation intensity profile enables evaluating the ability of the waveguide to support a 

single or multiple modes.  As an example, Figure 5-2 shows a waveguide with 

insufficient thickness to support even a single mode.  

 

 

Figure 5-2: Waveguide with a thickness, which does not support any mode. 

 

Light is coupled into the waveguide in Figure 5-2 and is able to propagate until it reaches 

the edge of the analyte deposition layer.  Here, the refractive index of the surrounding 

material increases from 1 to 1.35 resulting in less contrast between the index of the 

waveguide and its surroundings leading to less mode confinement.  Light is refracted 

from the waveguide at this point and lost into the surrounding matrix.   
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The waveguide shown in Figure 5-3 is capable of supporting only a single mode, which 

propagates to the end of the waveguide.   

 

 

Figure 5-3: Waveguide with a thickness supporting a single mode. 

 

The single mode character of the waveguide shown in Figure 5-3 is evident from the high 

radiation intensity at the waveguide core decreasing to the edges of the waveguide in a 

Gaussian fashion.  The center of the waveguide shows a consistent high intensity without 

interference pattern, which would indicate the presence of additional modes.   

 

As in the case of the thin waveguide shown in Figure 5-2, the single mode waveguide 

exhibits losses at the onset of the analyte layer.  Again, this is due to a higher refractive 

index of the deposited layer, which is closer to that of the waveguide leading to less 

confinement of the mode.  In the case of the slightly thicker waveguide shown in Figure 
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5-3, light is only partially lost at this interface with most of the radiation continuing to 

propagate through the waveguide.   

 

The simulated analyte layer with a higher refractive index is also characterized by an 

increased evanescent field intensity, which would be beneficial in sensing applications 

due to an increased interaction between the analyte and the radiation confined in the 

waveguide.   

 

Figure 5-4 shows a waveguide thick enough to support multiple modes as evident by an 

interference pattern.   

 

 

Figure 5-4: Waveguide with a thickness supporting multiple modes. 

 

The intensity of the evanescent field was calculated by integrating the intensity outside 

the waveguide core across the analyte deposition area.  In order to avoid considering 
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stray light for this integration, the intensity in area 2 shown in Figure 5-5 was subtracted 

from area 1.   

 

 

Figure 5-5: Integration regions for evanescent field intensity calculation of planar 

waveguides. 

 

In Figure 5-5, area 1 stretches from the waveguide surface to a distance three times the 

evanescent field penetration depth.  Area 2 stretches from three times to six times the 

penetration depth.  Integrations were performed using a Matlab program shown in 

Appendix A.   

 

5.1.2 BPM Results 

Using the integration methods described above, system parameters such as waveguide 

thickness, waveguide refractive index, in-coupling angle, and wavelength of light were 

investigated to determine their effects on the evanescent field intensity.   

 

The waveguide thickness producing maximum evanescent field intensity was 

investigated first, as shown in Figure 5-6 for a waveguide with a refractive index of 2.1.   
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Figure 5-6: Evanescent field intensity as a function of waveguide thickness for various 

wavelengths of light. 

 

As expected, the optimum thickness for maximum evanescent field intensity was found 

to increase linearly with increasing wavelength of light, as shown in Figure 5-7.   

 

Figure 5-7: Dependence of the optimum waveguide thickness on the wavelength of light. 
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As the wavelength of light is increased, we also observe an increase of the intensity in the 

evanescent field for an ideal waveguide, as shown in Figure 5-8. 

 

Figure 5-8: Maximum evanescent field intensity dependence on the wavelength of light. 

 

The increase shown in Figure 5-8 is predicted by Eqn 3.3, which defines the penetration 

depth of the evanescent field.  As the wavelength of light increases, the depth of 

penetration also increases implying that more energy should be guided outside the 

waveguide core within the leaky mode.   

 

The effect of the in-coupling angle (θ) on the intensity in the evanescent field was 

investigated by changing the source tilt in the BPM setup using the scheme shown in 

Figure 5-9. 
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Figure 5-9: In-coupling angle. 

 

The intensity in the evanescent field is shown in a 3-D plot as a function of both 

waveguide thickness and source tilt in Figure 5 -10. 

 

Figure 5-10: 3-D plot of intensity in the evanescent field as a function of waveguide 

thickness and source tilt. 

 

The intensity in the evanescent field as a function of waveguide thickness is shown at 

various source tilt angles in Figure 5-11.  These calculations were made considering a 

wavelength of 10 µm and a waveguide refractive index of 2.1. 
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Figure 5-11: Intensity in the evanescent field as a function of the waveguide thickness for 

various source tilt angles. 

 

From Figure 5-11, it is evident that the source tilt does not have an effect on the 

waveguide thickness providing maximum evanescent field intensity.  For thin-film single 

mode waveguides calculated here, an increase in source tilt simply decreases the intensity 

in the evanescent field as shown in Figure 5-12. 
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Figure 5-12: Maximum evanescent intensity dependence on source tilt angle  

 

The decrease in evanescent field intensity with increasing source tilt shown in Figure 5-

12 is expected, as the waveguide is unable to support high order modes, which would be 

excited by an increased in-coupling angle.  Therefore, an increase in source tilt leads to a 

loss of radiation in the waveguide resulting in an overall decrease of evanescent field 

intensity.   

 

The final parameter investigated was the effect of the waveguide refractive index on the 

waveguide thickness providing a maximized evanescent field intensity.  The 

corresponding simulations are shown in Figure 5-13.   
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Figure 5-13: Optimum waveguide thickness by refractive index. 

 

An increase in the refractive index of the waveguide leads to a decrease in the waveguide 

thickness, providing maximum evanescent field intensity as shown in Figure 5-14. 

 

Figure 5-14: Dependence of the optimum waveguide thickness on the waveguide 

refractive index. 
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The trend shown in Figure 5-14 is expected due to waveguide confinement 

considerations.  As the refractive index of the waveguide increases, there is an increase in 

the contrast between the waveguide and the surrounding material.  This leads to an 

improved confinement of light inside the waveguide and allows radiation to be guided in 

a thinner waveguide.  As a result, the waveguide forcing the highest intensity into the 

evanescent field is thinner.   

 

A trend of decreasing evanescent field intensity in an optimized waveguide with 

increasing waveguide refractive index is also evident, and is shown in Figure 5-15.   

 

Figure 5-15: Dependence of the maximum evanescent field intensity on the waveguide 

refractive index. 

 

The decrease shown in Figure 5-15 is predicted by Eqn 3.3, defining the penetration 

depth of the evanescent field.  As the refractive index contrast of the waveguide and the 
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surrounding media increases (i.e. n1 – n2 increases), the depth of penetration decreases 

implying that the intensity of energy guided outside the waveguide core also decreases.   

 

5.1.3 Optimizing the Signal-to-Noise Ratio 

Optimization for evanescent field chemical sensing must take into account both the 

intensity in the evanescent field and the total amount of power transmitted through the 

waveguide, which would be detected at the distal end of the waveguiding structure.   

 

As the power transmitted through a fiber decreases with decreasing diameter, 

optimization becomes a compromise between maximizing the fractional power in the 

evanescent field, and maximizing the total power received by the detector after radiation 

exits the fiber.  This will provide an optimized signal-to-noise ratio and, therefore, 

optimized sensitivity for evanescent field sensing.   
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5.2 Silver Halide Planar Waveguides 

Silver halide (AgX) fibers have a refractive index of 2.1.  The calculations above show 

that a waveguide thickness of 2 µm would produce a maximized evanescent field 

intensity for a waveguide of this refractive index using radiation of 10 µm. 

 

Cylindrical AgX fibers have been press tapered (as discussed in Chapter 6) from a 

circular diameter of 700 µm down to planar segments with a thickness of 100 µm.  Free-

standing waveguides thinner than 100 µm are very delicate to fabricate and utilize in 

chemical sensing applications, due to insufficient structural rigidity and mechanical 

stability.  Planar waveguide segments with a thickness of 300 and 190 µm have 

successfully been used for evanescent field sensing, as discussed in Chapter 6 of this 

thesis.   

 

The limitations of AgX materials have finally led to the development of novel thin-film 

waveguides, which have achieved single-mode confinement of radiation at 10.3 µm. 
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5.3 GaAs Planar Waveguides 

To achieve single-mode MIR waveguides, thin-film GaAs layers were grown on an 

AlGaAs layer at a GaAs wafer substrate.  Some structures included a Si3N4 layer on top 

of the GaAs waveguide as a surface protection.  Fabrication details are discussed in 

Chapter 6.    

 

The waveguide structure, refractive index profile, and mode intensity for the thin film 

GaAs waveguides as calculated by the collaborator on this development, Dr. Jerome Faist 

(University of Neuchatel, Switzerland) is depicted in Figure 5-16.   

 

 

Figure 5-16: Calculated mode profile for GaAs thin film waveguides. 

 

The computed fraction of light in the evanescent field interacting with an air layer of 

refractive index n = 1 is found to be 2.3 e-3 in this calculation.  This value decreases to 1.6 

e-3 with the additional Si3N4 overlayer.  An increased evanescent field intensity could be 
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achieved for more tightly confined (thinner) waveguides, however, at the cost of a larger 

numerical aperture for the mode.  In this waveguide structure, the calculated absorption is 

only 0.27 cm-1.  This absorption value is limited by leakage of the mode inside the n+ (Si) 

doped substrate. This low value of losses provided by this new generation of MIR 

waveguides enables the application of single-mode planar waveguides in sensing 

applications with a physical length of several centimeters at yet acceptable losses.  

 

An experimental demonstration of thin-film single-mode GaAs waveguides for 

evanescent field chemical sensing applications is presented in Chapter 6.   
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5.4 Conclusion 

The simulations presented above have shown that very thin waveguides (on the order of 2 

µm for 10 µm light for a waveguide refractive index of 2.1) are needed to maximize the 

intensity of radiation guided in the evanescent field.  Theoretical considerations based on 

beam propagation simulations have shown that the optimum waveguide thickness 

increases with increasing wavelength, and decreases with increasing refractive index of 

the waveguide, as predicted from theory.  

 

As silver halide fibers cannot be fabricated at the required thicknesses (< 10 µm), a new 

generation of MIR waveguides has been devised based on epitaxially deposited thin-film 

GaAs, which provide substantially improved sensitivity for QCL based evanescent field 

absorption measurements.  Sensing applications of this next-generation waveguide will 

be discussed in Chapter 6. 
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5.5 Outlook – Waveguide Coupling 

The simulation results and loss calculations described above neglect losses due to 

radiation coupling into the waveguide structure.  However, coupling losses becoming 

increasingly significant with decreasing waveguide thickness, and are of substantial 

concern for the thin-film waveguides discussed above.  The investigation of strategies for 

fabricating grating couplers at the waveguide surface has led to a potential solution to 

circumnavigate this problem.   

 

5.5.1 Theory on Blazed Angle Gratings  

Blazed angle gratings use a diffraction grating with a sawtooth profile as shown in Figure 

5-17 preferentially coupling into one order.   

 

 

Figure 5-17: Blazed angle grating profile. 

 

The gratings are governed by the relationship: 

 

mλ = 2d*sinθB    Eqn 5.1 
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where m is the diffraction order, λ is the wavelength of incident light, d is the grating 

period, and θB is the blaze angle as shown in Figure 5-17.   

 

5.5.2 Hot Embossed Silver Halide Gratings 

Gratings have been incorporated into planar AgX fibers (discussed in Chapter 6) by hot 

embossing.  Silver halide fibers become malleable at a temperature of approximately 170 

°C allowing a grating to be stamped into the surface of the material from e.g. a glass 

master.   

 

A 30 mm by 30 mm master grating was purchased from O/E Land Inc. (Saint-Laurent, 

QC, Canada) with a period of 7 µm and a blaze angle of 52.7° designed to diffract light at 

10.6 µm into the first order.  As the grating was fabricated as a replica of a master ruled 

grating, it consists of an epoxy layer coated with a reflective aluminum film.  In order to 

avoid damage to the soft epoxy layer during the hot embossing process, a replica of the 

grating was cast into a soft sol-gel material, which was then hardened by curing.  This 

sol-gel replica was used as the master for the grating pattern transfer to the surface of the 

AgX fiber via hot embossing.   

 

The results of the pattern transfer are shown in the optical profiler (Veeco, Woodbury, 

New York) image of the AgX planar waveguide (thickness 100 µm) surface in Figure 5-

18. 
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Figure 5-18: Optical profile of grating at AgX waveguide surface. 

 

The image in Figure 5-18 shows a top view of the waveguide surface where pattern 

transfer occurred.  We see high ridges in red decreasing towards the lowest points shown 

in blue.  It is evident that pattern transfer has occurred and the fiber has a periodic pattern 

in the x-direction after embossing with no pattern in the y-direction.  The period in the x-

direction was then determined by the profile as shown in Figure 5-19. 
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Figure 5-19: X-direction period profile of grating at the AgX fiber surface.  

 

The determined period of 7 µm shown in Figure 5-19 matches that of the master grating 

used to fabricate the sol-gel embossing elements.   

 

Currently, planar AgX waveguides with hot embossed blazed angle grating couplers are 

being tested for light coupling efficiency with a QCL emitting at 10.3 µm. 

 

5.5.3 FIB Milled GaAs Gratings 

The establishment of focused ion beam (FIB) technology at the FIB2 Center at Georgia 

Tech has enabled milling arbitrary patterns into the waveguide surface.   

 

For fabrication of grating couplers at the surface of GaAs waveguides by FIB milling, a 

grating was designed based on Eqn 5.1, which couples light at 10.3 µm into the first order 

(m = 1) using a blaze angle of 20 °, a period of 5.5 µm, and a depth of 2 µm.   
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Figure 5-20 shows the generated bitmap file used as an input to the FIB control system to 

define the pattern for milling.   

 

 

Figure 5-20: Bitmap pattern for FIB milling of blazed angle grating. 

 

Given an input bitmap file, the system will completely mill any white region to the 

specified depth while leaving black regions entirely unmilled.  For the grayscale in 

between, the section is partially milled with the amount of milling based on the white 

content in the grayscale pattern.  The pattern in Figure 5-20 is used to produce a sawtooth 

profile with a maximum depth of 2 µm and a period of 5.5 µm resulting in the 20 ° blaze 

angle needed for efficient coupling.   

 

Structures have been milled onto GaAs thin-films using the pattern shown in Figure 5-20 

and are shown in Figure 5-21 (rotated 90 ° from the bitmap pattern). 
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Figure 5-21: FIB milled grating structure on GaAs. 

 

The milled structure shows the periodicity of the pattern structure created on a Quanta 3D 

FIB system (FEI Company, Hillsboro, Oregon).  However, when viewed in cross section 

(see Figure 5-22), the blazed angle sawtooth structure is not correctly milled.   

 

 

Figure 5-22: Cross sectional view of FIB milled grating structure on GaAs. 
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From Figure 5-22, it is evident that the sharp angles and vertical walls of the defined 

pattern are not correctly milled.  This is likely caused by a re-deposition of material due 

to the large area and deep cuts needed to replicate the pattern.  Alternative milling 

techniques, which would allow the structure to be fabricated in a number of consecutive 

layers thereby minimizing the material being removed at any given time, are currently 

being investigated. 
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CHAPTER 6 

QCL-BASED LIQUID PHASE SENSING 

 

In this chapter, liquid phase sensing systems based on evanescent field measurements 

using silver halide and GaAs planar waveguides are presented along with background on 

applications of liquid sensing, the state-of-the-art techniques, and the development and 

theory of the waveguides used. 

  

6.1 Motivation 

QCL-based liquid phase sensing is particularly suited to applications requiring high 

sensitivity and integrated, robust systems such as environmental monitoring and 

biological measurements. 

 

6.1.1 Environmental 

Evanescent field sensing is a well established technique for quantitative liquid phase 

analysis and in particular environmental monitoring1, 25, and process analysis6, due to the 

opportunity of obtaining spectra from dissolved organic analytes. ATR-FTIR is routinely 

used for environmental monitoring of organics in water and process monitoring with 

sensitivities in the ppm to ppb range.1, 3, 7-19 

 

To avoid large absorbance due to water and as a preconcentration for organic analytes of 

interest, environmental applications often use membrane coated ATR waveguides.  

Coatings are typically polymer membranes which have hydrophobic properties allowing 
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organic compounds to be preferentially enriched over water.  Enrichment layers which 

are thicker than the evanescent penetration depth transport the organic analytes of interest 

into contact with the evanescent field near the ATR element surface while preventing 

water from entering into this region20.  ATR coatings such as Teflon AF21, 

polyisobutylene22, low-density polyethylene22, and chemically modified poly vinyl 

chlorides23 and polystyrenes24 have been used to detect chlorinated hydrocarbons in water 

down to ppm levels.  Ethylene propylene copolymer layers have been applied to sensing 

of benzene, toluene, and xylene at ppb levels5. 

 

6.1.2 Biological 

Transmission absorption measurements are frequently of limited utility due to the 

presence of scattering particles or agglomerates in biological applications25,26-28, and 

since the penetration depth of IR radiation is restricted due to the strongly absorbing 

water background.  Infrared spectroscopic measurements have substantial potential for 

biological applications due to the inherent molecular selectivity29-33, but have not been 

extensively used to date due to the achievable detection limits.   

 

Among the biological applications attracting interest currently is detection of prion 

diseases or transmissible spongiform encephalopathies (TSEs) characterized by a 

misfolded protein know as a prion. The detection of prion protein folding has been 

demonstrated in the MIR using complex chemometric techniques in regions of the IR 

spectrum where absorption is specific to the folding conformation34-36.  Table 6-1 shows 
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specific frequencies where MIR absorption in proteins is determined by the 

conformation. 

 

Table 6-1: Absorption band positions for protein conformation33.   

Band Position (cm-1) Conformational Assignment 
1693 and 1683 Turn/ β sheet 
1654 α helix 
1645 Hydrated β sheet 
1635 β sheet (intramolecular) 
1622 β sheet (intermolecular) 

 

Changes in the conformation of a protein (or protein folding) causes a substantial change 

in the MIR spectra37, which could be used for the detection of such diseases using a laser 

source matched to the spectral bands associated with the representative protein 

conformations.  However, detection limits in the ng/mL (ppb m/v) range are needed for 

the detection of proteins in serum36 rendering this a viable technique for protein 

analysis38.  In this thesis, a novel evanescent field waveguide was developed, which 

should provide the sensitivity levels required for diagnostic applications of IR evanescent 

field absorption spectroscopy. 
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6.2 State-of-the-art 

Fiber optic evanescent field liquid sensing in the MIR is a well-established technique 

using a variety of techniques, sources, and materials, which will be discussed in the 

following. 

 

6.2.1 ATR Waveguide Development 

Decreasing the thickness of MIR waveguides has been investigated as a parameter for 

increasing the sensitivity of evanescent field measurements.  Studies have achieved 

improved sensitivity via mechanical and chemical tapering of cylindrical fibers39-41, and 

by thinning of planar waveguides28, 31, 42-44.  The theory of increased evanescent field 

sensitivity by decreasing waveguide thickness is discussed in Chapter 3. 

 

6.2.2 IR Lasers in Liquid Sensing 

While the majority of published research in the field of MIR evanescent field sensing 

utilizes FT-IR technology1,2,4,5,25,27,28, only few contributions report on the applications of 

tunable diode lasers (TDLs)8,11, light emitting diodes (LEDs)45, CO2 lasers26 and 

synchrotron IR radiation44 to improve the sensitivity.  QCLs are of particular interest in 

this respect, as they promise a significant improvement in sensitivity over FT-IR due to 

their high spectral density.  In addition, QCLs represent the only MIR laser light source, 

which can be tailored to the wavelengths needed to match absorption bands of a wide 

variety of analytically relevant molecules in environmental, process analytical, clinical, 

and security sensing applications. 
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6.2.3 QCLs in Liquid Sensing 

Liquid phase spectroscopy with QCLs has received much less attention than gas phase 

sensing, and has been reported for transmission measurements in flow injection analysis46 

and for CO2 measurement in aqueous solution47.  The study with silver halide waveguides 

demonstrated in this thesis presents the first application of QCL technology for 

evanescent field sensing, which is the most promising optical format for miniaturized 

liquid phase sensing in the MIR spectral region48,49.  Evanescent field-based chemical 

sensing with QCLs has since been demonstrated also by the Gmachl group for detection 

of organics with 300 µm cylindrical silver halide fibers50.   
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6.3 IR Solid Core Fibers  

Solid core MIR transmitting fibers51 are fabricated from a variety of materials such as 

polycrystalline silver halides (AgClxBr1-x), amorphous chalcogenide glasses (As2S3 or 

As2Se3), single crystal sapphire (Al2O3), and fluoride glasses (fluorozirconate or 

fluoroaluminate). Table 6-2 summarizes the most common MIR fiber materials along 

with their transmission range and typical attenuation values.   

 
Table 6-2: Infrared fiber materials (adapted from52). 
 

Material Transmission 
Range (µm) 

Attenuation 
(dB/m @ µm) 

SiO2 0.25 – 2   0.0004 @ 1.32 
Sapphire 0.4 – 2.5 5          @ 2.9 
Fluoride 0.5 – 3.1 0.015   @ 2.5 
Chalcogenide 4 – 11      0.04     @ 6 
Tellurium Halide 3 – 13      1          @ 9 
Silver Halide 3 – 18 0.5      @ 11 
Hollow Waveguides 0.9 – 25   0.5 - 1.5  @ 10.6 

 
 

Silver halides1, 2, 5, 26, 53, chalcogenide glasses4, 25, 40, 41,54 and other materials,45, 55, have 

been extensively applied for MIR liquid phase fiber optic sensing applications. 

 

6.3.1 Silver Halide Fibers 

Silver halides are polycrystalline materials transmitting radiation from 400 - 

25000 cm-1 (0.4 - 25 µm) in dependence on their composition and have typical 

attenuation losses in the range of 0.5 dB/m at 10.6 µm56 rendering them ideal for MIR 

sensing applications.  Silver halide fibers are a composite of silver chloride and silver 

bromide materials.  Individual crystals of these materials are grown by the Bridgeman-

Stockbarger method57 where crystals are formed at high temperatures in a molten state 
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and cooled to form solid particles.  Cylindrical ingots used in the production of solid core 

silver halide fibers are typically about 0.7 cm in diameter57.  Silver chloride and silver 

bromide are molten together and extruded into fibers of varying composition.  Fiber 

properties such as refractive index, bulk absorption, and sensitivity to light are dependent 

on the material composition57.   
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6.4 Planar Silver Halide Waveguide Sensing Systems 

In this study, planar free-standing silver halide waveguides were developed and coupled 

to a QCL for the first demonstration of evanescent field sensing with these lasers.   

 

6.4.1 Waveguide Preparation 

The waveguides used in this work are of the composition AgCl0.4Br0.6 and have a 

refractive index of 2.1 and typical losses of 1 dB/m.  Planar waveguides (PWGs) were 

created by press tapering unclad cylindrical silver halide fiber58,31 segments with a 700 

µm diameter by our collaborators (A. Katzir, Tel-Aviv University, Israel).  Fiber 

segments were heated to approx. 170 °C to increase malleability and pressed to form 

free-standing thin film waveguides with a thickness ranging from 300 µm to 190 µm, a 

width of 3 mm and a length of 35 mm as shown in Figure 6-1.   

 

Figure 6-1: Planar silver halides with a thickness of 100 µm (top), 300 µm (middle), and 

a cylindrical fiber with diameter of 700 µm. 
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Sufficient optical quality of the planar waveguide end facets was achieved by cleaving 

the ends with a sharp blade followed by sequential polishing with diamond slurries of 3, 

1, and 0.5 µm grain size at our laboratory (results shown in Figure 6-2). 

   

 

Figure 6-2: Planar silver halide fiber end facet after polishing with a) 3 µm, b) 1 µm, and 

c) 0.5 µm diamond slurries. 

 

Planar waveguides were positioned on a copper holder, which clamped the waveguide 

strip near the ends providing a free-standing waveguide.  The copper mount was plated 

with gold where in contact with the waveguide surface to avoid corrosion of the silver 

halide material by contact with base metals.   

 

6.4.2 Urea Experiments 

FT-IR measurements were performed by focusing the external collimated IR beam from a 

Bruker 66 spectrometer (Bruker Optics, Billerica, MA, USA) via a gold-coated off-axis 

parabolic mirror (OAPM, focal length: 25.4 mm; Janos Optics, Townshend, VT, USA) 

onto the end facet of a planar waveguide.  Light from the distal end of the waveguide was 
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focused onto a liquid nitrogen cooled photoconductive mercury-cadmium-telluride 

(MCT) detector as schematically shown in Figure 6-3.   

 

 

Figure 6-3: FTIR PWG experimental setup. 

 

All spectra were recorded with a total of 100 averaged scans and a spectral resolution of 

1 cm-1 at frequencies of 400 – 4000 cm-1 using the Blackman-Harris-3-Term apodization 

function. 

 

QCL measurements were recorded by dividing the laser beam into a measurement 

channel and a reference channel to enable pulse-by-pulse referencing of the laser signal.  

The measurement channel was focused onto the planar waveguide using OAPMs of focal 

length 25.4 mm while the reference beam was focused directly onto the MCT detector as 

schematically shown in Figure 6-4.  
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Figure 6-4: QCL-PWG experimental setup. 

 

Light emanating from the distal end of the planar waveguide was pigtailed to the MCT 

detector.  

 

The QCL (laser S1869e10, Alpes Lasers, Neuchâtel, Switzerland) was stabilized via 

Peltier cooling (temperature controller TC51, Alpes Lasers, Neuchâtel, Switzerland) at a 

temperature of 20 °C resulting in an emission frequency of 1650 cm-1
.
  The laser was 

modulated with a pulse duration of 200 ns at a period of 25.8 µs (TPG128 pulse 

generator, Alpes Lasers, Neuchâtel, Switzerland) and amplitude was controlled by an 

external power supply set to 20 V avoiding saturation of the detectors.  Data was 

recorded with an oscilloscope (Tektronix, TDS 3032, Beaverton, OR, USA) evaluating 

the MCT signals. 

 

Solutions were prepared by dissolving urea (Sigma Aldrich, Milwaukee, WI, USA, 

99.5% pure) crystals in methanol (Fisher Scientific, Fairlawn, NJ, USA, reagent grade) 
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for deposition onto the waveguide surface.  Sensitivity of FT-IR and QCL measurements 

to the amount of urea at the planar waveguide surface was tested by depositing a 10 µL 

droplet of a methanol with dissolved urea solution (1.6023 g urea dissolved in 50 mL 

methanol) onto the waveguide surface.  Methanol was then evaporated causing urea 

crystals to precipitate at the waveguide surface.  A measurement was recorded followed 

by an additional solution droplet added to the previously formed urea crystals at the 

waveguide surface.  Repetition of this procedure resulted in an accumulation of urea 

crystals at the waveguide surface as shown in Figure 6-5 leading to an increase of the 

evanescent field absorption signal.   

 

 

Figure 6-5: Bare AgX fiber surface (left) and urea crystals at AgX waveguide surface 

after deposition and evaporation of 30 µL and 40 µL of methanol-urea solution, 

respectively. 

 

Measurements with the planar silver halide waveguide coupled to a FT-IR spectrometer 

yielded an increase of the amide stretch absorption band centered at 1600 cm-1 with 
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increasing amounts of urea precipitated at the waveguide surface as shown in Figure 6-6.  

Ten droplets of 10 µL each were deposited on the waveguide surface, each resulting in 

0.32 mg of urea precipitate after evaporation.  Spectra were collected after methanol had 

evaporated resulting in evanescent field absorbance features of 0.32 mg to 3.20 mg of 

urea at the waveguide surface.   

 

 

Figure 6-6: FT-IR urea band increases with increasing deposition of material. 

 

The spectrum of urea recorded during FT-IR PWG evanescent field absorption 

experiments was used to verify the spectral overlap between the radiation emitted from 

the 1650 cm-1 QCL and the urea absorption band as shown in Figure 6-7.   
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Figure 6-7: Overlap of QCL emission and urea absorption frequency. 

 

The overlap shown in Figure 6-7 occurs only at a side band of the laser causing the QCL 

evanescent field absorption measurements to not take full advantage of the radiant power 

provided by the laser.   

 

Urea deposition at the waveguide surface for QCL PWG evanescent field absorption 

measurements used the same procedure applied during the FT-IR PWG experiments.  

Damping of the QCL signal as the amount of precipitated urea at the PWG surface 

increases from 0 mg to 2.88 mg in increments of 0.32 mg is shown in Figure 6-8.  



142 

 

Figure 6-8: QCL pulse damping due to urea absorption. 

 

Individual laser pulses are shown as signal as a function of time with decreasing 

amplitude as the amount of urea precipitate on the waveguide surface increases.   

 

The system response is shown in Figure 6-9 where the signal damping generated by 

integrating the area under each curve shown in Figure 6-8 is plotted as a function of urea 

deposited at the waveguide surface in mg.   
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Figure 6-9: Response curve to urea surface deposition.  

 

The limit of detection of the system was found to be 80.7 µg of urea, based on the 3σ 

criterion providing an improvement by a factor of 4 compared to the limit of detection 

(LOD) achieved for the corresponding FT-IR PWG measurements, despite only a side 

band of the laser overlapping with the urea amide absorption. 

 

6.4.3 Acetic Anhydride Experiments 

The experimental setup and measurement conditions for the FT-IR acetic anhydride 

measurements are identical to those used for the urea measurements described above.  

QCL measurements again utilized the 2-channel setup shown in Figure 6-10. 
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Figure 6-10: Acetic anhydride QCL experimental setup. 

 

The QCL (laser s1537, Alpes Lasers, Neuchâtel, Switzerland) was operated at a 

temperature of 0 °C providing an emission frequency of 974 cm-1 and modulated at a 

pulse duration of 40 ns with a period of 2.64 µs.  The amplitude was controlled by an 

external power supply set to 20 V giving the maximum signal possible while avoiding 

saturation of the detector.     

 

The emission of the QCL overlaps with the CH3-C bending absorption of acetic 

anhydride causing damping of the laser radiation in the presence of analyte, while the 

solvent acetonitrile has a spectral window in this wavelength range.  Transmission 

measurements were performed using transmission cell (Pike Technologies, Madison, WI, 

USA) with NaCl windows and a 200 µm pathlength to verify the overlap of the QCL 

emission frequency with the analyte absorption. 
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Acetic anhydride QCL data was collected using a high-speed data acquisition system 

(Saturn, AMO, Aachen, Germany) providing a simultaneous dual-channel sampling rate 

of 100 MHz averaging 106 data curves.  

 

Acetic anhydride (Sigma Aldrich, Milwaukee, WI, USA, 99.9% pure) was dissolved in 

acetonitrile (VWR, West Chester, PA, USA, HPLC grade) providing a calibration series 

with various concentrations of acetic anhydride.  The sensitivity of evanescent field 

absorption measurements to the volume of acetic anhydride solution at the waveguide 

surface was tested by deposition of 1 µL droplets with concentrations of 0.11, 0.85, 2.12, 

4.24, and 10.59 M (corresponding to 10.8, 86.4, 216, and 432 µg of acetic anhydride, 

respectively) onto the waveguide surface using an Eppendorf pipette (Brinkmann, 

Westbury, NY, USA).  FT-IR absorption spectra were recorded via evanescent field 

measurements against the bare waveguide as a reference.  Drops were deposited over a 

controlled area at the waveguide center 1cm long and spanning the width of the 

waveguide as shown in Figure 6-11.   

 

 

Figure 6-11: Acetic anhydride deposition at the waveguide surface. 

 

Spectra of acetic anhydride were recorded with the solution phase present at the 

waveguide surface.   
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Spectra of 1 µL droplets with concentrations of 0.11, 0.85, 2.12, 4.24, and 10.59 M of 

acetic anhydride in acetonitrile resulting in a total acetic anhydride volume of 0.01, 0.08, 

0.2, 0.4, and 1 µL respectively (corresponding to 10.8, 86.4, 216, and 432 µg) deposited 

at the waveguide surface are shown in Figure 6-12. 

 

Figure 6-12: FT-IR evanescent absorption spectra for acetic anhydride. 

 

The acetic anhydride spectrum can be clearly identified by the increase in the intensity of 

absorption features with increasing volume of acetic anhydride solution deposited at the 

waveguide surface.  The inset of Figure 6-12 shows the evanescent field absorption 

response, which was fit with an exponential function with an R2 value exceeding 0.99 

indicating Lambert-Beer behavior.  The error associated with these measurements can be 
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attributed to small variations resulting from manual deposition of the droplets at the 

waveguide surface. The lowest volume detectable during FT-IR PWG experiments was 

determined to be 0.01 µL based on the 3σ criterion.   

 

Figure 6-13 shows the overlap between the acetic anhydride absorption band and the 

QCL emission frequency.   

 

 

Figure 6-13: Overlap of QCL emission and acetic anhydride absorption band. 

 

Transmission absorption measurements were performed verifying overlap between an 

absorption band characteristic for acetic anhydride and the emission frequency of the 

QCL at 974 cm-1.  Collimated radiation from the QCL passed through a thin film 

transmission cell with a layer thickness of 200 µm filled first with acetonitrile (Figure 6-
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14, dotted line), then with a solution of 1 % acetic anhydride in acetonitrile (dashed line), 

and finally with pure acetic anhydride (solid line).   

 

Figure 6-14: Transmission cell measurements. 

 

Increased damping of the radiation emitted from the QCL in the presence of increasing 

amounts of acetic anhydride verified overlap between the laser emission frequency and 

an absorption feature characteristic for acetic anhydride.   

 

Acetic anhydride solutions were deposited onto the PWG surface using the same 

procedure as for FT-IR measurements causing damping of the QCL signal with respect to 

the reference signal due to molecule specific evanescent field absorption.  As shown in 

Figure 6-15, laser pulses have decreasing amplitude as the amount of acetic anhydride is 

increased.  
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Figure 6-15: QCL Damping due to acetic anhydride absorption due to: from the top 0, 

0.01, 0.1, 0.2, and 1 µL droplets at the waveguide surface. 

 

Figure 6-16 shows the system response curve revealing the same trend as a function of 

deposited volume at the waveguide surface as previously determined during the FT-IR 

PWG experiments (inset Figure 6-12).   
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Figure 6-16: QCL response curve for acetic anhydride surface deposition. 

 

The data was again fitted with an exponential function resulting in an R2 value of greater 

than 0.99.  QCL PWG evanescent field absorption measurements gave a limit of 

detection of 0.01 µL (10.8 µg) of solution deposited at the waveguide surface.  In this 

case, the LOD for the QCL PWG measurements corresponds to that achieved during the 

FT-IR PWG experiments.  The limit of detection for the QCL system could be 

significantly improved with a stronger overlap between the laser emission frequency and 

the analyte absorption feature as Figure 6-13 clearly shows that the emission of the 

currently available QCL overlaps only in the side mode region with the acetic anhydride 

absorption feature.  A laser emitting at 990 cm-1 rather than 974 cm-1 would provide a 

better match to the absorption maximum promising a significant improvement of the 

LOD comparable or beyond the improvement seen in the urea case.   
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6.4.4 Results 

Results achieved with the first QCL PWG evanescent field absorption measurements 

correspond well to measurements with conventional FT-IR evanescent field sensing in 

both urea and acetic anhydride measurements.  The obtained results demonstrate the 

potential of mid-infrared QCL evanescent field sensing achieving limits of detection that 

are at least similar – and in the case of urea already significantly improved in a simpler 

and more compact sensing system.   

 

In both the urea and acetic anhydride measurements, the achievable sensitivity of QCL 

PWG measurements would benefit from a better match between the QCL emission 

frequency and the spectral position of the analyte absorption feature.  The limited 

commercial availability of QCLs at relevant emission frequencies currently prohibits 

ideal overlaps.  An ideally matched laser emission frequency would provide sensitivity 

improvements of at least an order of magnitude in contrast to FT-IR PWG measurements.  

Additional sensitivity improvements are anticipated for thinner waveguides due to 

increased intensity in the evanescently guided modes.  However, PWG end coupling 

becomes increasingly difficult with planer waveguide strips of a thickness < 300 µm and 

requires other coupling methods. 

 

Pigtail coupling, where the waveguide is brought in close proximity to the laser end facet, 

was investigated and found to be a far more efficient end coupling method between the 

QCL and planar waveguide.  Figure 6-17 compares the two coupling methods by 

showing the laser output as a function of applied pulse amplitude along with the point on 
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this curve where the laser saturates the detector through the planar waveguide for each 

method.   

 

 

Figure 6-17: Coupling efficiency. 

 

The focused coupling method requires a higher laser output for detector saturation 

through the waveguide than the pigtail coupling. 

 

The pigtail method also shows a much higher sensitivity due to the higher throughput.  

The damping of a QCL pulse due to a 1 µL drop of acetic anhydride on the fiber surface 

is shown in Figure 6-18 for both methods with a much larger change for pigtailing 

(bottom set of curves) than focusing with OAPM (top set of curves).  
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Figure 6-18: QCL damping by different coupling methods.  The scale for these two sets 

of curves does not correspond; and they have been placed on the same graph only for 

comparison. 

 

Pigtail coupling has the inherent disadvantage that it cannot be split into two separate 

channels to allow for referencing and has therefore not been used for analytical 

measurements.  The QCL has a high degree of variation between pulses as well as drift 

causing sensitive quantitative analysis to be impossible without referencing. 
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6.5 Planar Single-Mode GaAs Waveguides 

This study demonstrates MIR evanescent field sensors based on novel single-mode GaAs 

thin-film planar waveguides (design discussed in Chapter 5). These waveguides are 

designed to improve the sensitivity of evanescent field absorption measurements 

providing a platform for the development of highly integrated and miniaturized MIR 

liquid phase sensing system aiming at incorporating a QCL and waveguide on a single 

chip.  

 

6.5.1 Waveguide Preparation 

The waveguides were jointly designed by ASL, Georgia Tech and the Mesoscopic 

Physics group, Univ. Neuchâtel, and were deposited at the University of Neuchâtel by 

molecular beam epitaxial growth of GaAs on a Si-doped GaAs wafer substrate. This 

substrate was selected to effectively absorb stray light in the material causing light 

passing outside the optical waveguide to be suppressed.  The Si-doped GaAs has an 

absorption due to free carriers of over 300 cm-1 at l = 10.3 mm. 

 

The GaAs material making up the waveguiding layer has the advantage of exhibiting 

very low absorption across the entire mid-infrared to a wavelength of 16 µm.  At this 

wavelength, the first multiphonon absorption features are present. The Restrahlen band 

will completely eliminate radiation for wavelengths of approximately 25 - 40 µm53.  To 

achieve low loss waveguides, an AlxGa1-xAs layer is grown providing a relatively large 

refractive index step between the GaAs waveguide and its surrounding materials.   
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The waveguide consisted of the GaAs wafer and a 6 µm Al0.2Ga0.8As cladding layer, 

followed by a 6 µm GaAs core layer fabricated by epitaxial growth as shown in Figure 6-

19.  

 

 

Figure 6-19: Waveguide composition. 

 

As shown in Figure 6-19, a 300 nm Si3N4 layer was deposited by chemical vapor 

deposition on some waveguide samples to protect the surface against etching by the 

sample solution.  

 

Strip waveguides were created from the wafer by scoring along the crystal axis with a 

diamond knife and breaking along the score.  The waveguides created were each 0.5 cm 

wide and varied in length from 1 to 2.5 cm as shown in Figure 6-20.   
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Figure 6-20: GaAs thin-film strip waveguides with silicon nitride protective overlayer 

(right), and without (left). 

 

Scanning electron microscopy (SEM) images shown in Figure 6-21 were used to verify 

the optical quality of the waveguide end facets.   
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Figure 6-21: SEM images of a GaAs waveguide end facet. 

 

The top images in Figure 6-21 show the entire wafer thickness with the left image 

capturing a fault-like defect while the right image is defect free.  The bottom left image 

shows a defect up close with plate features approx. 2 µm in width.  The bottom right 

image shows a defect free section. 

 

Defects found at waveguide end facets were most likely due to off-axis breaks in the 

wafer and were large enough to cause scattering at IR wavelengths.  However, these 

defects were confined to discrete fault lines with large sections of defect free waveguide 

between.  In most cases, defects were not severe enough to prevent coupling and 

sufficient optical quality is achieved at the waveguide end facets.   
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6.5.2 Experimental 

FT-IR spectra were recorded using waveguides with a length of 1 cm and a width of 0.5 

cm.  Coupling was achieved by focusing collimated radiation from an FT-IR 

spectrometer (Bruker IFS 66, Bruker Optics, Billerica, MA) onto the waveguide end facet 

using an off-axis parabolic mirror with a focal length of 3 inches.  Light from the distal 

end of the waveguide was collected by pigtail coupling of the waveguide to the ZnSe 

window of a liquid nitrogen cooled MCT detector (Kolmar Technologies, Newburyport, 

MA). 

 

Quantitative evanescent field measurements with GaAs waveguides were demonstrated 

by coupling laser s1537 emitting at 974 cm-1 (10.3 µm), which overlaps with the CH3-C 

bending vibration of acetic anhydride.  The laser was operated at a temperature of 10 ºC, 

a pulse duration of 40 ns, and a period of 2.64 µs, and a pulse amplitude of 22 V.  The 

QCL was pigtail coupled to the waveguide as shown in Figure 6-22 and radiation from 

the distal end of the waveguide was collected by an MCT detector, similar to the FT-IR 

experiments.   
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Figure 6-22: Experimental setup of QCL coupled to GaAs thin-film waveguide. 

 

Acetic anhydride obtained from Sigma Aldrich (Milwaukee, WI, USA) at 99.9% purity 

was deposited at the waveguide surface in 0.5 µL droplets, each covering a length of3 

mm at the center of the waveguide surface as shown in Figure 6-22.  Acetonitrile was 

obtained from VWR (West Chester, PA, USA) at HPLC grade serving as a control 

experiment with a non-absorbing medium.     

 

6.5.3 Results  

Figure 6-23 shows single beam FT-IR transmission spectra recorded by coupling 

radiation through the long axis of different waveguides with and without silicon nitride 

overlayer, respectively.  For reference, a detector response curve without waveguide is 

provided.   
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Figure 6-23: FTIR single beam spectra through GaAs thin-film waveguides showing 

reference without waveguide (top), waveguide without silicon nitride overlayer (middle) 

and waveguide with silicon nitride overlayer (bottom). 

 

Characteristic absorption features for gaseous CO2 at approx. 2300 cm-1, and water vapor 

at approx. 1600 cm-1 and 3700 cm-1 resulting from the ambient environment can be seen 

in all spectra.  Spectra recorded through the waveguides are characterized by much lower 

signal-to-noise ratios, due to the comparatively small amount of radiation coupled into 

these thin film planar waveguide structures.  Besides the decrease in transmitted light 

energy, no change of the spectral transmission window occurs in comparison between the 

GaAs waveguide (middle spectrum in Figure 6-23) and the detector response curve (top 

spectrum in Figure 6-23).  These spectra reveal that broadband IR light is able to 
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propagate despite waveguide being optimized to transmit light at 10.3 µm.  The spectra 

for the waveguide overcoated with silicon nitride clearly reveal additional solid state 

absorption features centered at 2150 cm-1, and a transmission cut-off at 1250 cm-1 

resulting from the additional Si3N4 layer (bottom spectrum in Figure 6-23). 

 

The response of the bare GaAs waveguide to evanescent absorption was tested with FT-

IR using the coupling setup described above.  Acetic anhydride droplets of 5 µL and 10 

µL were deposited on the waveguide surface as described for silver halide fiber 

measurements.  The evanescent absorption spectra are shown below in Figure 6-24. 

 

 

Figure 6-24: FT-IR coupled to GaAs thin-film waveguides absorption spectra for bare 

waveguide (dark blue), 5 µL drop of acetic anhydride on waveguide surface (light blue), 

10 µL drop of acetic anhydride on waveguide surface (green) and surface drops 

evaporated (red). 
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The high level of noise in Figure 6-24 illustrates the very small amount of light coupled 

through the waveguide during these measurements.  Despite the minimal signal in the 

measurements, the 10 µL drop was detected with a signal-to-noise ratio of 10 based on 

peak integration.   

 

With the QCL-GaAs sensing system, a response curve for the change in intensity through 

the waveguide (I/Io) as a function of the length of the waveguide covered by absorbing 

analyte was generated through sequential addition of three droplets of the same volume 

and surface area. Evanescent field absorption measurements were performed at the 

surface of both single-mode GaAs thin-film waveguides and a multimode silver halide 

planar waveguide with a thickness of 300 µm (width: 3 mm; length: 35 mm).  This 

allowed a direct comparison between the two waveguides.  Light was coupled into the 

silver halide waveguide at or near the critical angle giving the most sensitive evanescent 

field measurements achievable with this waveguide.   

 

Figure 6-25 shows response curves for both waveguides with the circular symbols 

representing the response obtained with the GaAs waveguide fitted with a linear 

regression function (solid line). The response for the silver halide waveguide is indicated 

with triangular symbols and a dashed linear regression fit.   
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Figure 6-25: System response for GaAs and AgX waveguides coupled to QCL. 

 

The linear fit of the GaAs response function in Figure 6-25 has a slope of 0.24, while the 

slope of the response function for the silver halide waveguide is 0.05.  This demonstrates 

an improvement in evanescent field sensitivity by a factor of 5 for the single mode GaAs 

waveguide.  The sensitivity increase obtained from the thin film GaAs waveguide is 

attributed to an increase in r, which is the fractional power guided outside the core of the 

single mode waveguide as discussed in Chapter 3.  As the current waveguide structure is 

optimized for low loss rather than maximum fractional power outside the waveguide 

core, it is expected that by increasing r an improved sensitivity by one order of magnitude 

or more can be obtained. 

 

In order to evaluate the accuracy of these measurements, the theoretical change in 

transmission due to evanescent absorption was calculated.  The value of the molar 
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absorptivity for acetic anhydride at a wavelength of 974 cm-1 (10.3 µm) was determined 

experimentally.  An FT-IR transmission absorption measurement was obtained with pure 

acetic anhydride and a pathlength of 15 µm was used giving a molar absorptivity value of 

2.69 L/mol*mm as calculated from the Lambert-Beer law (Eqn. 3.1). 

 

By substituting the absorbance (A) for 1 minus the change in transmission in Eqn. 3.1, 

the theoretical change in transmission due to evanescent absorption of a single drop at the 

surface of the GaAs waveguide was calculated to be 0.803.  This value is based on an 

extinction coefficient for acetic anhydride of 2.69 L/mol*mm, a pathlength of 3 mm (the 

diameter of a single drop, and a fractional evanescent power of 2.3 e-3, as discussed in 

Chapter 5.  The experimentally obtained value of the change in transmission due to a 

single drop at the GaAs waveguide surface is 0.638.  The difference between the 

calculated and the experimentally obtained value of approximately 20 % is attributed to 

edge effects such as scattering resulting from the confined droplet at the waveguide 

surface.   

 

In addition to the sensitivity improvement, single mode GaAs waveguides also provide 

improved control on the evanescent field leading to more quantitative measurements at 

the waveguide surface.  As discussed in Chapter 3, the penetration depth and strength of 

the evanescent field is dependent on the coupling angle and therefore the mode.  As each 

individual mode propagating through a waveguide gives a different evanescent field 

profile, multimode waveguides give a distribution of evanescent field intensities and 

profiles.  A waveguide supporting only a single mode gives a well-defined evanescent 
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field independent of coupling.  Figure 6-26 shows the mode profile calculated by our 

collaborators at the University of Neuchâtel for the GaAs waveguide, as well as profiles 

for a high order and the fundamental mode in a multi-mode silver halide waveguide.   

 

 

 

Figure 6-26: Mode profile for GaAs and AgX waveguides. 

 

The profiles shown in Figure 6-26 show the relative mode intensity as a function of 

position along in the waveguide perpendicular to the direction of propagation.  On this 

distance scale, zero corresponds to the surface of the waveguide.  The distance from zero 

in the negative direction corresponds to the surrounding material, and the light in this 

region is the evanescent field.  The profile shown in red is for the single mode supported 

by the GaAs waveguide developed in this work while the profile shown in the black long 

dashed line corresponds to a high order mode (n = 13) and the short dashed black line a 

low order mode (n = 1) for a multimode AgX fiber.  The AgX low order mode profile is 
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very near the axis due to its low intensity relative to the other modes showing the large 

deviation between evanescent intensities in multimode waveguides.   

 

As the experiments discussed above comparing the evanescent sensitivity with the GaAs 

and AgX were performed with light coupled into the AgX waveguide at high angles, we 

can expect primarily high order modes to be excited.  Based on the similar intensities 

between the high order AgX mode and the GaAs mode, our five times sensitivity 

improvement for the GaAs over AgX waveguide is consistent with the theoretically 

expected improvement.   

 

In the multimode waveguide, both of the AgX modes shown as well as all modes in 

between would be supported and the evanescent field would clearly be a distribution of 

intensities.  The GaAs waveguide supporting only a single mode would therefore provide 

more quantitative measurements as compared to the AgX waveguide due to superior 

modal control.   

 

It is also of interest to note the high evanescent intensity of the GaAs waveguide near the 

surface in Figure 6-26 compared with any mode of the AgX waveguide.  This would 

particularly allow for sensitive measurements of molecular monolayers at the waveguide.  

This high intensity at the waveguide surface and sharp decay into the surrounding 

material is due to the large refractive index contrast between the waveguide and surface 

layer probed. In a next step, these waveguides will be tested for studies on protein 

conformation to reveal their full potential for biological IR analysis. 
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6.6 Conclusions and Outlook 

Liquid sensing has been demonstrated by coupling QCLs to planar AgX waveguides as 

well as novel GaAs thin-film single-mode waveguides.  Measurements with planar AgX 

waveguides demonstrate the first evanescent field sensing applications of QCLs and 

measurements with GaAs waveguides demonstrate the first MIR evanescent field 

measurements with a single-mode waveguide.   

 

Planar AgX evanescent field absorption measurements revealed limits of detection in the 

range of 80.7 µg for urea and 0.01 µL for acetic anhydride present at the waveguide 

surface.  Limits of detection would be significantly decreased with laser emissions better 

matched to selective molecular absorption features.  

 

Evanescent field absorption measurements with newly fabricated GaAs single-mode 

waveguides reveal a five times increase in sensitivity in contrast to multimode silver 

halide waveguides.  These waveguides also give a well-defined evanescent field at the 

waveguide surface leading to improved quantitative measurements.  The evanescent field 

profile shows a high intensity at the waveguide surface with a sharp decrease into the 

surrounding material making these waveguides ideal for sensitive and quantitative 

measurements of monolayer films deposited on the waveguide.  

 

The planar IR waveguides developed in this work show substantial promise toward on-

chip infrared chemical sensing platforms combining a single mode-matched thin film 
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waveguide ideally grown on the same substrate as the QCL for highly integrated MIR 

liquid phase sensing platforms.   
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CHAPTER 7 

CONCLUSION AND OUTLOOK 

 

The objective of this thesis was the development of sensing systems, which demonstrate 

the full potential of quantum cascade lasers for mid-infrared spectroscopy and sensing on 

miniaturized platforms.  QCLs have been demonstrated for both gas and liquid phase 

sensing in highly integrated and optimized systems.   

 

7.1 Gas Sensing Summary 

The application of QCLs to gas sensing in this work includes the demonstration of gas 

sensing inside conventional hollow waveguides, and inside photonic bandgap waveguides 

(Chapter 4).  Gas sensing inside a photonic bandgap material has been demonstrated for 

the first time in the course of this thesis.   

 

Proof-of-concept gas sensing systems developed in this work have demonstrated 

remarkable sensitivities in the low ppb range, fast response times (8 s), and very small 

sample volumes (1.5 mL).  These properties allow the system to meet the criteria needed 

for medical breath diagnostics and environmental trace sensing applications.   
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7.2 Liquid Sensing Summary 

The liquid sensing applications in this work demonstrate the first evanescent field 

measurements with a quantum cascade laser (chapter 6), which are a particularly useful 

for trace environmental and biomedical analysis.   

 

Resulting from the needs in liquid phase QCL based evanescent field sensing, a new 

generation of IR waveguides was developed and characterized providing single-mode 

thin-film waveguides for evanescent field sensing grown by molecular beam epitaxy 

(chapters 5 and 6).  In combination with these waveguides, the first MIR evanescent field 

sensing experiments with QCL and single-mode waveguides were demonstrated.   

 

This sensing system enabled measuring µL volumes of liquid at the waveguide surface 

reaching critical sensitivities for applications in environmental groundwater trace analysis 

and for biological measurements such as e.g. protein conformational studies.  

Furthermore, GaAs thin-film waveguides developed and characterized in this work show 

particularly high sensitivities at the waveguide surface and a well-controlled evanescent 

field intensity leading to substantial potential for IR monolayer sensing applications such 

as the label free detection of protein and DNA. 
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7.3 Outlook for QCLs in Chemical Sensing 

The first QCL was demonstrated in 1994, and after nearly a decade of development the 

technology is well established with lasers providing sufficient power (tens of mW 

average power) and narrow linewidths (> 150 MHz) for chemical sensing applications.   

 

Lasers have been extensively demonstrated in both gas and liquid chemical sensing 

applications as discussed in chapters 4 and 6.  However, due to a lack of commercial 

availability of lasers at a large selection of wavelengths, they have not been applied to 

wide variety of target analytes.  Rather, these systems have been utilized as a chemical 

sensing proof-of-concept demonstration.   

 

The field of QCL-based chemical sensing is currently in a critical phase of development.  

From an application perspective, the lack of availability of lasers makes molecule (target) 

specific applications difficult to demonstrate.  However, from a fabrication perspective a 

demonstration of specific applications is crucial to guide the selection of wavelengths 

produced by QCL manufacturers.  The field is in critical need of a “killer application”, 

which would allow lasers to be produced at useful wavelengths in large quantities making 

the technology less expensive.  However, as lasers operating at wavelengths which 

overlap an absorption band in the analyte of interest are crucial to the demonstration of 

specific application, this problems parallels the “chicken and egg” syndrome.  Which 

comes first – the application, or the lasers?   
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The proof-of-concept systems presented in this work represent a key step in advancing 

the field of QCL-based chemical sensors.  Sensing systems demonstrated are able to 

achieve ppb sensitivities with fast response times (s) and small sample volumes (mL for 

gas and µL for liquids) needed for target applications in medical breath diagnostics, 

atmospheric monitoring, environmental groundwater monitoring, and biological protein 

analysis.  These demonstrations bring the field of QCL-based chemical sensors closer to 

finding the “killer application”.   

 

The next step in this dynamic research field would be to obtain lasers that match 

absorption bands for useful analytes in the target applications such as acetone, 

formaldehyde, and isoprene for breath diagnostics or benzene, toluene, ethylbenzene, and 

xylene for ground and drinking water trace monitoring.  Lasers at these wavelengths can 

be substituted into the systems and technology developed in this work to demonstrate 

sensor systems with a large market demanding the enabling lasers technology to be 

produced at the quantity levels needed to reduce the laser source and overall sensor 

system costs.  Continuous progress in this direction will translate QCL-based chemical 

sensor technology into mainstream applications, and allow the field to diversify into a 

prosperous future in chemical sensing. 

 

After a decade of establishing QCLs as the future dominant light source in the mid-

infrared regime, the next decade will be characterized by the establishment of useful 

chemical and biological sensing applications, along with compact and highly integrated 

device platforms which take full advantage of this technology. 
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APPENDIX A 
 

 MATLAB PROGRAMS FOR BPM SIMULATIONS 
 
 
 

Program to calculate the intensity in the evanescent field: 
 
 
 
Format short 
[M] = xl2mat (name, 256, 1038) 
wgsectiontop = find (M(:,1) < - wgloop & M(:,1) > (-wgloop – 0.000006)) 
wgbound1a = wgsectiontop (1,1) 
wgbound1b = wgsectiontop (size(wgsectiontop(:,1),1)) 
inwg = find (M:,1) > -wgloop & M(:,1) < wgloop) 
inwg1 = inwg (2,1) 
inwg2 = inwg (size(inwg(:,1),1)) 
zmat = 0 
for x = 1:1:size(M(1,:),2), zmat(x) = M(1,x); end; 
zmatsection = find (zmat > 0.005 & zmat < 0.025) 
zmatlower = zmatsection (1,1) 
zmatupper = zmatsection(1,size(zmatsection(1,: ) ,2)); 
for count = zmatlower:1:zmatuper, count1 – count – zmatlower +1, pevan(count1) = 
100*trapz(M(wgbound1a:wgbound1b,1), M(wgbound1a:wgbound1b, 
count))/trapz(M(inwg1:inwg2,1),M(inwg1:inwg2,count)); 
end 
avg = mean(pevan); 
clear wgsectiontop; 
clear wgbound1a; 
clear wgbound1b; 
clear inwg 
clear inwg1 
clear inwg2; 
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contents of xl2mat.m: 
 
 
 
function [data]=XL2MAT(nom,row,col) 
 
'FILE IS BEING CONVERTED' 
 
cd C:\Documents and Settings\Christy\Desktop; 
fid=fopen(nom); 
for ii=1:col; 
for jj=1:row; 
data(jj,ii)=fscanf(fid,'%e',1); 
end; 
end; 
fclose(fid); 
cd C:\Documents and Settings\Christy\Desktop\matlab; 
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Program to calculate to total power transmitted through the waveguide: 
 
 
 
[M] = power('1.txt', 2, 1200) 
 
wgsectiontop = find(M(:,1) < - 0.00005) 
wgbound1 = size(wgsectiontop(:,1),1)+1 
 
wgsectionbot = find(M(:,1) > 0.00005) 
wgbound2 = wgsectionbot(1,1) 
 
M(wgbound1:wgbound2 -1,1) 
 
wgpower = trapz(M(wgbound1:wgbound2,1),M(wgbound1:wgbound2,2)) 




